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Zwischenschicht
Pinhole
ferromagnetische Schicht
 (af−Kopplung)
&oY ÄÆçÙËÊËÅËÌ¸Ïp`+pÂrqs!tvus!w3x]w	y!t{z}|,uHs!tvw~s}yx,s}}$s!Łus!wqz}|,t{z}|,uvy!Dy!us!y(PPt{sHx]w~s!utyz}|$s!w
qz}|,t{z}|,us!w:y!tvw3
	
s!Vs!tvw%tvw	|$*stvus!tvw3x]w3,s! s!}*Hx]w,,s!utyz}|¡,s}}$s!Łuv¢£x*|,}s!w3¤x]wK,s!w
¥
¦s!w,§©¨0x,z}|$s!w0§

,s!PªW£Rtyz}|$s!w	yz}|,t{z}|,u«]t{s¬}3

w,ox]w$ut  s!!¦*Hx]w~s!utyz}|0ty!u{
­0®¯ °0±P²fi²R³´ µ·¶H¸¹±ºR» ¼½¿¾¹±ÁÀ ±½¿¾¼±PÂ!ÃÄ» ²fiÅ0Æ¸¹¶
ðŁ
®
:<Ł5JLPQCEAD:<FffiGL;=Ł&F	TL>KP<P:Q?=Tfl>@:QGflŁïCESffiGL>@A=:Q;B^`L>K;
®
^`L:<^`WAD;Ba	;uAD>KŁ :QGflTL:<;=V?=>AD>
î
FffiP<JLŁ>@GL>KP<>KŁ&>KGWAD>
JLGWAD>@?BA=>K:QPeA×rhFR>@:«B >KTL>@Ł
î
FffiP<JLŁ&>KGL>@PQ>KŁ&>KGWAï>K:QG
®
áL:QGH@JLSffi>KFR?=TLGL>AI:Q?BT
}
92>@?
®
áL:<G>K:<GL>K;
î
F
é
PQJŁ>@GL>KP<>KŁ&>KGWAD>@;5:Q;uA TtCRÔ>K:jCEPQ;5TL:<>
¬
>K;DCEŁAD;BJLŁŁ&>ßZJLÔ>K?UCEPQPQ>
®
áL:<GL;KÁT:Q> :<GTL:Q>@;=>KŁ
î
FffiPQJŁ>@G
>KGWA=`tCRP<A=>KG;=:<GLTLH@JdR>K?=;uAD>@`L>KG« Ç
ÈÊÉÌËDÍ
Ç
Î
Í
ÏÐvÑÓÒÔ"ÑPÑ_Õ!ÖØ×ÙÛÚÝÜßÞÝÔ"Ñ*ÒÔÑPàRÕáDâßã©ÔÜßÑPäâæå{ÒÒDÕÝçè(ã{Ú!ÑDÔåéëêÚ!×DÜßÙ`Õå©ã©×évìPÚÒÔÜßÜÕ!í*ÖØ×PÕÜîçYÕÑ_ÕÜæïÝã{âæç{ÖØ×DÔðçìPÚÒÔ"ÜæÜòñ_óDô"äRõ
ÕÑ_ÕÜæïÝã{âæç{ÖØ×DÔö3÷Ú(çíDÑ*Þ¿ó]Ô"ôÔ"âîÖØ×DÑDÔ"ãõ
ß
OPQR
(fiùø	T%úûffffiY
" ffiZffXYüPCZfi
|
92:Q> \i>@?=?=FRŁïCRSRGL>@A=:Q;=^`>cJL;BADCRJL;=^`>KGL>@?=Sffi:<>KTL:<^`A=>IH@:<;=^`L>@GH@n>K:
®
áL:QGL;:Q?BTßTtCR?BSffi>K;uAD>@PQP<ATLJ?=^`
=
|_?
Y=
ãD?
Y=
_?
« ý
Íþ ßþ  
É
Ç
È
Íòþ ß"þ  
É	
å
!È

Íþ ß"þ  
!È
Íþ ß"þ   
!È
Íþ ßþ  
ë
å
#}<Ü
ë
93CRÔ>K::<;BA'TL:<>
®
AD>@:òFtSffiVE>K:eAD;=VEFffiGL;uA^CRGWAD>ET:Q>3;=:<^`A=`L>KFR?=>@A=:Q;B^` ZJLÔ>K?TL:<>gh>KH@:Q>@`	JGLS¹=
æ
?
É
ff
å
#}
ë
Ô>K;BA=:QŁ&Ł>@GP ZCRRAKrnFffiÔ>K:
ff
TL>K?áL`Wa#;B:QV£CRP<:Q;=^`>
¬
:<A=A=>K?=CRL;BADCRGLT:Q;uAïJLGT
È


Íþ ß"þ  
fi
È 
Íþ ßþ  
fi
È

Íþ ß"þ  
TL:<>
­
:Q^`WADJLGSffi;=VEFffi;=:<G	J;=;=>UdffiFRG
Ç
È
;=:QGT
}
92:<>5ðGLTL:<HK>K;ffifl
fi !fi

Sffi>@>@GT:Q> _ËFffi;=:eAD:QFRGTL>K;TL:<;=V?=>AD:Q;B:Q>@?BAD>@G
î
FffiP<JLŁ>@GL>KP<>KŁ&>KGWAD>@;CRJ\ÇTL>K?
¬
:<ABAD>K?B>KÔ>KGL>CRG
å
)L
}Ô	}<Üffi}eÜ
ë
}
gh>@:	T>KGGLCR^`\iFffiP<Sffi>KGLT>KG
®
:QŁ5JPñCEA=:QFffiGL>@G3;=:<GLT6GJL?ÍÝ :QGVR>KP ZCRGLTL>@?=JLGSffi>KG6TL>K?
®
áL:<GL;Í:QGTL>K?#"
àÔé
MrÔ>KG>
å
cL
}Ô#}eÜffi}eÜ
ëndffiFRG!ðGWAD>@?=>@;=;=>E;BFTLCRT>K?âÇ>@?=Ł


È 
Íþ ß"þ  
:QG
¬
P<>K:<^`	JGLS
#}<Ü
>@GAB\ ZCRPQPeA
}
X
Z
S
S
i,j,k
i−1,j,k
i+1,j,k
S
&oY ÄÆçÙËÊËÅËÌ¸ÏpÂ$pÂ Óty}*¦s!u©ty!t{s!us·x]¦y!us!v

w, s!tvw~s!PHx]w~s!utyz}|$s!w¡qz}|,t{z}|,u{
92>K?EcCRLPQC
é
G2áÔ>K?DC£ADFffi?


:<?=T:QG
¬
PQ>@:Q^`JLGLS
#}eÜ
Z
JL>@?H@n>K:
¬
:eA=A=>K?=áJLGLVWAD>CRááL?=F×ú#:QŁ&:Q>@?BA
=
Ü[{_?
W=
ÜRÜ(?
«


Ç
È
Íþ ß"þ  
å%$
Í
ë
É'&

Ç
È
Íþ ß"þ  
&
$

Í (
)
Ç
È
Í+*
j
þ ßþ  

Ç
È
Íþ ß"þ  -,

$

Í

92>K?rðGLT>úfl/.
Ü
>@HK:Q>@`WAn;B:Q^`CRJ\ TL>KG?=>K^`WA=;
é
LH@
}
PQ:<GLV;=;B>K:<A=:QSffi>@G E)CR^`tCE?=G
å
)L
}	#}<ÜR}<Ü
ë
}
Ý :Q?BT
`L:<>K?=Ô>K: TL:Q>MO:QSffi>@GL;=^`LCE\ôA×«
)
Ç
È
Í+*
j
þ ß"þ  

Ç
È
Íþ ß"þ  -,

É
Ç
È
Í+*
j
þ ß"þ  0
Ç
È
Íþ ß"þ  


Ç
È
Í+*
j
þ ß"þ  
Ç
È
Íþ ßþ  
fi
Ç
È
Íþ ß"þ  
É
Ç
È
Í+*
j
þ ß"þ  
É
Ü
Ô>KGJADHA×Ô>K?B`
Z
CRP<ANŁCRG7CEJL;
¬
PQ>@:Q^`JLGLS
#}eÜ
å
JLGWAD>K?)gh>K?
Z
JL^V;=:<^`A=:QSffiJGLSïdffiFRG7;=>@^`L;2G
Z
CR^`;BAD>@G¤E)CR^`
é
tCR?BGYë]:QGITL>@?TL:Q;BV	?B>@A=:Q;=:<>K?uAD>KG!XtFffi?=ŁÄ=
*?
W=
Ü[{_?
Y=
ÜffiÜÝ?
«
ý
Íþ ßþ  
É

È


þ

Íþ ß"þ  1WÈ


þ

Í+2
j
þ ßþ  

È


þ

Í43
j
þ ß"þ  
$

Í

È


þ

Íòþ ß52
j
þ  

È


þ

Íþ ß-3
j
þ  
$

ß

È


þ

Íþ ß"þ  62
j

È


þ

Íþ ß"þ  73
j
$

  8
å
#}
ë

ì

1
Ü
$

Í

Ü
$

ß

Ü
$

 
8
9 :<; =
>@?
èBADCFE
fi
nFffi>@:
$
Í
fi
$
ß
fi
$
 
TL:Q>
¬
:<ABAD>K?=CRL;uA
Z
CRGLT>;B:QGLT
}
OPQR
(fiùø	T%úûffffiY
" ffiZffXYüPCZfi
ã
bcŁ Xt>@PQTL;uA ZCR?BVR>KGHKJ>@?=`tCEP<AD>@GYTL:Q>TL:<>K;B>KG
ê
FffiáLáPQJLGLSR;=>KG>K?=SR:Q>KG!>KGWAD;BáL?=>@^`L>KG :Q;uA
¬
PQ>@:Q^`JLGLS
#}~
GtCR^`TL>@G
­
:Q^`WADJLGSffi;=VEFffiŁáÔFffiGL>@GWAD>KGCRLH@JLPQ>@:<AD>@G«
G 

Íþ ß"þ  
ÉH&
ý
Íþ ß"þ  
&
È


Íþ ßþ  
É


IJ-K
C
Ë
Í+*
j
þ ß5*
j
þ  6*
j
È


Íþ ßþ  
Ñ

Íþ ß"þ   å
#}~ì
ë
G

Íþ ß"þ  
É &
ý
Íþ ß"þ  
&
È

Íþ ßþ  
É


IJ-K
C
Ë
Í+*
j
þ ß5*
j
þ  6*
j
È

Íþ ßþ  
Ñ

Íþ ß"þ  

å
#}ß
ë
93CRÔ>K::<;BA
Ñ
Íþ ß"þ  
É
åB$
Í
fi
$
ß
fi
$
 
ë
}
92>K?
î
>@VA=Fffi?TL>K;N)J;BA^CEJL;=^`\i>@PQTL>@;c:<;BA;BFffiŁ:eA×«
Ç
GML


?
Íþ ß"þ  
É
1
G


Íþ ß"þ  
G

Íþ ß"þ  
8

­0®­ NÊÃÄ» ¼½¿¾¹±P¸¼½¾» ½¿¾oºÅ ³OPOÂ Æ¸¹¶RQoÂ » ¸¹±µ²R±P²TSg±P²fi´
ðGß>@:QGL>@Ł ŁCRSffiGL>AD:Q;B^`L>KG
®
^`L:<^`A=;Ba	;BA=>KŁ Ł:eA3átCR?=CRPQP<>KPÁŁCRSffiG>@AD:<;=:<>K?BA=>KG
®
^`L:<^`WAD>KG
å
)
}Ç#}	}<Ü
ë
;=:<GLTflMOPQ>@VA=?=FffiG>KGŁ&:<A2>@GWADSffi>@Sffi>KGLSR>K;=>ADHAD>K?
®
á:QGL?B:Q^`WADJLGSI:QG7TL>@?
à
:Q;B^`L>KGL;B^`L:Q^`WASffi>\CRGLSffi>@GJLGLT
L:<PQTL>@GI;BAD>@`L>KGTL>6ÝÞ>KP<PQ>KGI;B>KGLV?B>K^`WA3HKJTL>@GŁCRSffiGL>AD:<;=:Q>@?BA=>KG
®
^`L:<^`WAD>KG
}
92:<>K;B>2Ýß>@PQPQ>@GI>K?BHK>KJSffi>KG
CRJ\iSR?=JLGLT:Q`L?B>K?
®
áL:<GLáFRPñCR?B:Q;DC£AD:QFRG TL:Q>cCE\
é¡ê
FffiááLPQJLGS
}
)GLT>K?=>@?=;B>K:<A=;hV
Z
FffiGLG>KGI;=:<^`IMOPQ>@VA=?=FffiG>KG Ł&:<A
átCR?=CRPQP<>KP<>K?
®
áL:<GL?=:<^`A=JLGLS5\i?B>K: TJL?=^`TL:<>
®
^`L:<^`A=>KGÔ>@n>KSffi>@G
}Ôà
JL?]gn>K;=^`?=>K:<LJLSUTL>@?
ê
FRáLáLPQJGLSffi;
é
>KG>K?=SR:Q>=
Ü[D?
:Q?BTI\iFffiPQSffi>@GLTL>@?jáL`
Z
CRGLFRŁ>@GLFffiPQFRSffi:Q;B^`L>K?jcGL;DCEA=H>@G	J#ADH@AK«
UWV
ÉXZY
V4[
Ç
È
j
Ç
È

ÉXZY
V\[KFffi;
åF]^
ë
å
#}|
ë
93CRÔ>K:]:<;BA
]^
TL>@? Ý :QGLVE>KPjH@:<;=^`L>@G
Ç
È
j
É
å
KFffi;
åB^
j
ë
fi
;B:QG
å%^
j
ëBëJLGLT
Ç
È

É
å
@Fffi;
åB^

ë
fi
;=:QG
åB^

ë=ë OX
TL:<>5X P
Z
CR^`L>T>K?
®
^`:Q^`WAJLGLT
Y
VËTL:<>PQ:<GL>×CE?=>
ê
FRáLáLPQJGLSffi;=VEFffiGL;uA^CRGWAD>
}#_
>5GtCE^`
î
FR?=HK>@:Q^`L>@G:Q;uA2TL:<>
ê
FffiáLáLP<JLGLSUH@:<;=^`L>@GTL>@G!ŁCRSffiG>@AD:<;=:<>K?BA=>KG
®
^`L:<^`WAD>KG «
I
\i>@?=?=FRŁïCRSRGL>@A=:Q;=^`I\
Z
JL?
Y
V`
{

I
CRGWA=:<\i>K?B?=FffiŁCRSffiG>@AD:<;=^` \
Z
JL?
Y
Vba
{}
M
M
&oY ÄÆçÙËÊËÅËÌ¸Ïp<ÏpÂdc3s!¦s!tvw Ýx,z}|,us·x]¦y!us!v

w, ,s!feW¦y(x,z}|$s,s!Px{¬}3

w,gs}*u¦*w~s!wVtvu
x]w$utæ	x]ðx]vs!s!ûqU3tvw$t{z}|,u

w,·y!tvw3[tvw ,s!ffiªW£Rtyz}|$s!w	yz}|,t{z}|,u^,s Ýx]w,,s!w

w3

tv`,s!w>y!us}|$s!w3,sih¡s!Ł
s!wkj{ªs!t{z}|,w

w, s!w$uw~*>s!w¤x

yl mon6prq]
OPQR
(fiùø	T%úûffffiY
" ffiZffXYüPCZfi

92:Q> CE\
é¡ê
FffiáLáPQJLGLS;=Fffi?BSRA Ô>K:]cn>K;B>KGL`>K:<A>K:<GL>K? ZCEJLffi>K?B>KGXt>KP<TL;BA ZCR?=VE>sG
L
TtCE\ ZJL?@ÁTtCR;B:Q^`/TL:<>
ŁCRSffiGL>AD:Q;B^`L>KG¸õ!FffiŁ&>KGWAD>
Ç
È
j
fi
Ç
È

CRGWAD:<átCR?DCEPQPQ>@PÁ>K:<GL;BA=>KP<PQ>KG
}
92:Q>&gh>K?B>K^`LGJLGSTL>K;
®
ZCEA=A=:QSffiJGLSffi;B\i>@P
é
TL>@;&>@:QGL>@;U;=FffiP<^`L>KG
®
^`L:<^`WAD;Ba	;uAD>KŁ&;ïŁ&:<A6dffi>@?=GtCR^`PZCR;B;=:QSRtCR?=>@?U)GL:<;=FRA=?=FffiáL:<> V£CRGLGCRGtCEP<aAD:<;=^`/>K?
é
\iFffiP<Sffi>KG
}
gh>AD?=CR^`WAD>@A5ŁïCRGÞTL>KG/CEPQPQSR>KŁ&>K:QG>KGXYCRPQPç¶:QGßT>KŁ >K:QG
®
^`L:<^`A=;Ba	;BA=>KŁ CEJL;5JLGWAD>@?=;B^`L:Q>@T
é
PQ:<^`L>KG
®
^`L:Q^`WA=TL:Q^VE>KGut
j
fi
t

JLGLTõCEA=>K?B:ñCRP<:Q>KGÞ>@;BA=>K`WA×O;BF:Q;BATL:Q>
®
JLŁ&Ł>ïCRJL;
à
>@>KŁCRG
é
JLGLT
CE\
éê
FRáLáLPQJGLSffi;=>@GL>K?BSffi:Q>)Sffi>KSffi>@>@GTLJ?=^`«
Uwv
L
C
É	
K
j
[t
j
IJ
G
L
@Fffi;
å%^
j
ë

K

[ffit

IJ
G
L
KFffi;
åB^

ë

Y
Vx[Þ@Fffi;
å%^
j

^

ë
å
#}ã
ë
ÝÞFffi>@:
K
j
þ

TL:<>
®
ZCEA=A=:QSffiJGLSffi;=ŁCRSffiG>@AD:<;=:<>K?=JGLS:Q;BAK
^
j
þ

TL>K?rÝ :QGLVE>KPYTL>@;hŁCRSffiGL>AD:Q;B^`L>KG õ!FffiŁ&>KGWAD>@;
HKJ? ZCRJLffi>@?=>KGXt>KP<TL;BA ZCR?=VE>ffiG
L

Y
VTL>@?jPQ:<GL>×CR?B>3CE\
éê
FRáLáLPQJGLSffi;BA=>K?BŁ JLGT!X¸T:Q>3X P ZCR^`L>3TL>@;
®
^`L:<^`A
é
;Ba	;uAD>KŁ&;
}
ðŁ
¬
PQ>@:Q^`LSR>@:Q^`WASffi:<P<AjT:Q>gh>@TL:QGLSRJLGLSL«
Uzy|{
v
L
C
&
^
j
É
K
j
t
j
IJ
G
L
;=:<G
åB^
j
ë
}Y
V;=:QG
åB^
j

^

ë
É
{
å
#}
ë
U
y~
v
L
C
&
^

É
K

t

IJ
G
L
;=:QG
åB^

ë

Y
V;=:<G
åB^
j

^

ë
É
{

å
#}
æ
ë
)J;
¬
PQ>@:Q^`JLGLSR>KG
#}
JLGT
#}
æ
\iFffiPQSEAj;=^`LP<:Q>@ffiPQ:<^`«
Uzy|{
v
L
C
&
^
j

UZy~
v
L
C
&
^

É
{
K
j
t
j
IJ
G
L
;B:QG
å%^
j
ë

K

t

IJ
G
L
;B:QG
å%^

ë
É
{

å
#}eÜ[{
ë
gh>@:cSffi?BFffiffi>@GXt>KP<TL;BA
Z
CR?=VE>KG,:<G,TL>@?>E
Z
CR`L>!TL>K;
®
Z
CEA=A=:QSffiJGLSffi;=Ô>K?B>K:<^`L>K;;=:QGT,TL:<>Ý :<GLVR>@Pc;B>K`L?V	P<>K:<G
åB^
aa
Ü
ën;=F¸TtCEŁïCRGTL>KG ;B:QG
é
âÇ>@?=Ł TLJL?B^` >@:QGL>7MrGWA:<^V	P<JLGLS=
Ü[_?
L:Q;ïHKJLŁ >K?B;BAD>@G
¬
P<:Q>KT
TtCR?B;BA=>KPQP<>KGV£CRGLG«t;B:QG
å%^
ë
(
^
}
cGLSffi>h>@GLTL>@A2CRJ\
¬
P<>K:<^`	JGLS
#}<Ü×{
>@?=`
Z
CEP<AŁCRG«
K
j
t
j
IJ
G
L
^
j

K

t

IJ
G
L
^

É
{
^
j
É
K

t

^

K
j
t
j

å
#}eÜffiÜ
ë
ÝÞ>K?=T>KG
¬
P<>K:Q^`JLGSffi>KG
#}~
JLGLT
#}
æ
JGA=>K?ÍTL>@?Çgn>KTL:<GLSffiJLGLS×TtCRjÔ>K:WSffi?BFffiffi>@G6Xt>@PQTL;uA
Z
CR?BVR>KG;B:QG
å%^
ë
(
^
Sffi:<P<A×#Ł:eAD>@:QGtCRGTL>K?n:QGgh>KH@:Q>@`	JGLSïSffi>@;=>ADH@AKt>K?B`ÍZCRP<AŁCRGCRP<;Mr?BSffi>KGL:Q;@«
K
j
t
j
IJ
G
L
^
j
}Y
V
åB^
j

^

ë
É
K

t

IJ
G
L
^


Y
V
åB^
j

^

ë
Ý :Q?BT:QGTL>K?Fffi:QSffi>@G
¬
PQ>@:Q^`JLGLS
^
j
TJL?=^`
¬
P<>K:Q^`JLGS
	}<ÜffiÜ
>@?=;=>ADHA×Y>K?B`ÍZCRP<AŁCRG«

K
j
t
j
IJ
G
L
K

t

^

K
j
t
j
}Y
V
1

K

t

^

K
j
t
j

^

8
É
K

t

IJ
G
L
^


Y
V
1

K

t

^

K
j
t
j

^

8

Ý :Q?BTTL:Q>
¬
PQ>@:Q^`JLGLSUGtCR^`G
L
CRJ\iSffi>@PZFffi;uA×#>@VRFffiŁ&ŁANŁïCEGI;=^`LP<:Q>KRPQ:Q^`Ê=
Ü×ì_?
«
G
É
G
L
ÉY
V
1
Ü
IJ-K
j
t
j

Ü
IJ-K

t

8

å
#}eÜf
ë
OPQR
(fiùø	T%úûffffiY
" ffiZffXYüPCZfi
æ
93CRÔ>K:Á:<;BAZGTL:<>UXY>@PQTL;uA ZCR?BVR>E¶TL:Q>5dRFffiGßCEJLffi>KGÞCRJ\iSR>KL?=CR^`WAn>K?BTL>KGßŁ5JLLJŁ TtCR;
®
a	;BA=>KŁ :<G
TL>@G
®
ZCEABAD:QSRJLGLSffi;B>@?=>K:<^`!H@J7L?B:QGLSffi>@G
}
92:Q>Xt>KP<TLVRFRŁáÔFffiGL>@GA=>KG!TL>K;cPQ:QG>×CR?B>KGâÇ>@?=Ł&>K;
å
Ç
GVQëjTL>@?)CE\
é
ê
FffiáLáLP<JLGLS>@?=` ZCRPeA ŁCRG :<GLTL>@Ł ŁCRGTL:Q>
¬
P<>K:Q^`JLGS
#}|
GLCR^`T>KG/ŁïCESffiGL>@A=:Q;B^`L>KGõ!FffiŁ&>KGWA=>KG
CRLP<>K:eAD>@A
}
X ZJ?
Ç
È
j
Sffi:<P<A×«
Ç
GV
É	

{
Y
Vx[
Ç
È
j
Ç
È

É
Y
V
IJ7K
j
t
j
1
;=:<G
åB^

ë
KFffi;
åB^

ë
8
fi
å
#}eÜ[
ë
nFffi>@:
 

{
É
j
Ł< {%D{
)


{



fi



{


,
}
­0® NÊÃÄ» ¼½¿¾¹±P¸¼½¾» ½¿¾oºÅ ³OPOÂ Æ¸¹¶RQf0Æ¹µ ²Rµ·º» ¼½¾¹±P²Sg±P²fi´
ob
³OPOÂ Æ¸¹¶s
)J#\iSffi?=JLGT6dffiFRGGL:<^`A=:QTL>KCRPQ>@G
¬
?=>@GLHÝ ZCR^`L>KG
å
G2>@? ZCE^`L>KGL?=CRJL`L:<SffiVR>@:<A^ëÍ>@GA=;BA=>K`WAÁGL>@>@G5TL>@Ł PQ:QG>×C
é
?=>@GâË>K?BŁ T>K?
à
:Q;=^`>KGL;B^`L:Q^`WADVEFffiáLáLP<JLGLSITL:<>ä	JLCRTL?DC£AD:Q;B^`L>
ê
FffiááLPQJLGS
}_
>KTL>PQFRVECEPQ>
Z
)GTL>K?BJLGLS
TL>@?
à
:Q;B^`L>KGL;B^`L:Q^`WANJLŁfi>K:<GL>2]ADFRŁPQCRSffi>N>K?=H@>KJLSEAj>K:<GL>2HKJ?jbcŁ&Sffi>KJLGLS5GL:<^`WAj:QTL>@GWAD:Q;B^`L>
ê
FffiáLá
é
PQJGLSLr;=F¸TLCRgh>@?=>K:<^`L>7Ł&:<AU\i>K?B?=F
é
JLGLT CEGA=:<\i>@?=?=FRŁïCRSRGL>@A=:Q;=^`>K?
ê
FRáLáLPQJGLSßGtCE`L>7Ô>K:Q>@:QGtCEGLTL>K?
PQ:<>KSffi>@G
}
92:<>K;=>
®
:eADJtCEA=:QFffiG \
Z
J`L?BAcHKJ!>K:QG>KŁ
à
JL;uA^CRGT>K:<GL>K?
æ
{Rèé¡ê
FffiááLPQJLGS¹=
ÜfD?
=
Ü[ß*?
Y=
Ü[|_?
Y=
Üfã*?
Ô;BF
TtCRïTL:Q>
®
áL:QG;2TL>K?
®
^`L:Q^`WA=>KGfl;=>@GLV?=>K^`WA6HKJL>@:QGtCEGLTL>K?);BAD>@`L>KG
}
92>K?cáL`
Z
CRGLFRŁ>@GLFffiPQFRSffi:Q;B^`L>cGL;DCEA=H
HKJ?cgn>K;=^`?=>K:<LJLGLSTL:Q>@;=>@?
ê
FffiááLPQJLGSU:<?=TTLJL?B^`!\iFffiP<Sffi>KGTL>
¬
P<>K:<^`	JGLS :Q>KT>K?=SR>KSffi>@>@G«
U
É	ffiY
6[
)
Ç
È
j
Ç
È

,

ÉffiY
[Þ@Fffi;

åF]^
ë 
å
#}eÜ×ì
ë
zc:<>K?B>@:O:Q;BA
]^
TL>K?3Ý :QGVR>KPvH@:<;=^`L>@G
Ç
È
j
É
å
KFR;
åB^
j
ë
fi
;B:QG
åB^
j
ë=ë2JLGLT
Ç
È

É
å
@Fffi;
å%^

ë
fi
;=:<G
åB^

ë=ë ÍX
TL:<>X P
Z
CR^`>]TL>K?
®
^`:Q^`WAvJLGLT
Y
OTL:<>jä	JLCRTL?DC£AD:Q;B^`L>
ê
FffiáLáLP<JLGLSffi;BVRFffiGL;uA^CRGWA=>
}
Ý :Q?BTU:QG
¬
PQ>K:<^`JLGLS
#}ã
HKJ;[ZCEA=HKPQ:<^`!T>K?äJtCRTL?=CEAD:<;=^`L>âË>K?=Ł´`:QGLH@JLSffi>@\^ZJSRA×L;BF>@?=`ÍZCEP<AŁCRGI\iFffiPQSffi>@GLTL>gh>@HK:<>K`JLGLS¡=
ÜKì]?
«
G
É
G
L
É
å

Y


Y
V<ë
1
Ü
IJ-K
j
t
j

Ü
IJ-K

t

8

å
#}eÜfß
ë
92:Q>flXt>@PQTLVEFffiŁáÔFffiGL>@GWAD>KG \
Z
JL?TL>@G8äJtCRTL?=CEAD:<;=^`L>@Ggh>@:<A=?DCRS
å
Ç
GDëI>@?=`
Z
CEP<AŁCRGj:QGTL>KŁ ŁCRG TL:<>
¬
PQ>K:<^`JLGLS
#}eÜ×ì
GtCR^`TL>KGŁïCESffiGL>@A=:Q;B^`L>KGõ!FffiŁ&>KGWAD>@G7CRPQ>K:eAD>A
}
X
Z
JL?
Ç
È
j
SR:QP<AK«
Ç
G
ÉX 


{
Y
5[
)
Ç
È
j
Ç
È

,

É	

Y

IJ-K
j
t
j
1
;=:<G
åB^

ëKFffi;
åB^
j

^

ë
KFffi;
åB^

ëKFffi;
åB^
j

^

ë
8
fi
å
#}eÜ[|
ë
nFffi>@: «



{
É
j

Ł

{

{
)



{



fi



{


,
}
92>@?hXt>KP<Tdffi>@VWADFffi?vTL>K?hCE\
é¡ê
FffiááLPQJLGS:<;BAn;=FffiŁ&:<AK«
Ç
G5
É
Ç
GV

Ç
G
}
OPQR
(fiùø	T%úûffffiY
" ffiZffXYüPCZfi
Ü[{
­0®¢¡ £ »(¸¾¹³ÂÝ±P¼
_O:QGL`FffiPQ>@; =
ì]?
·=
Ü[D?
·=
Ü
æ
?
;B:QGLT
­
:<;=;=>flF	TL>K?VPQ>@:QGL>
<
ZFffi^`L>@?!:<G¾TL>@?
à
:<;=^`L>@GL;=^`:Q^`WA×cTL:Q>flH
}
g
}
 ZCR`L?B>KGLTT>K?2_O? ZCRátCR?=CEAD:<FffiGdR>K?BJL?=;=CR^`WA3h>@?=TL>@GV ZFffiGGL>KG
}
)G7;BFffiPQ^`>KG
®
A=>KP<PQ>KG:Q?BTTtCR;)CRGWAD:e\i>K?
é
?=FRŁïCRSRGL>@A=:Q;=^`>
î
>K?=`LCRP<A=>KG/Sffi>K;uA ZFffi?uA&JLGLTTL:Q>IŁCRSffiGL>AD:<;=^`L>@G
®
^`L:Q^`WAD>@G,;B:QGLT ZJLÔ>K?UTtCR;&_O:QG`LFffiPQ>
\i>K?B?=FffiŁCRSffiG>@AD:<;=^`UŁ&:<AD>@:QGtCEGLTL>K? Sffi>KVEFffiáLáÔ>KP<A
å
)L
}	#}{#}<Ü

®}	ß
ë
}
X ZJL?OŁCRSffiGL>AD:Q;B^`L>Ng]CRJA=>K:<PQ>R£:Q>H
}
g
}®
>KG;=Fffi?B>KGÊ=
ÜÝ?
	` ZCEABAD>)T:Q>K;h>K:QG>3ò2JtCRP<:<A ZC£AD;=Ł&:QGTL>K?BJLGLSHKJL?]XYFRPQSffi>
}¤_
>cGtCR^`
¬
? ZFffiR>)TL>@?]_O:QGL`FffiPQ>@;
F	TL>K?r92:<^VR>TL>K?
à
:<;=^`L>@GL;=^`:Q^`WA]V£CRGLGUTL>@?vMr:<G	tJLJLGWA=>K?=;B^`L:Q>@TLPQ:<^`L>)JLRŁïCRR>jCRGLGL>@`LŁ&>KGffi:<>
>K;>@>@G\CRPQP<;jŁ:eAjTL>@G!GtCE^`\iFffiPQSR>KGLTL>@G
®
:QŁ5JLPQCEAD:<FffiGL>@G Sffi>KH@>K:<SRAjh>@?=TL>@G7V£CRGLG
}
­0®-¥ ¦ ³Â(Æ´ ±P¸¹µ[¸» ¼³ º²R³§O»Ý±
92:Q>
¬
:eA=A=>K?=?B>K^`LGJLGSffi>KGtCR;B:Q>@?=>KGCRJ#\Ç>@:QGL>@Ł >@:QG\CE^`
é
VJLL:<;=^`L>@G
¬
:<ABAD>@?
}
93CR>@::<;BAjT:Q>K;B>K;
¬
:<ABAD>K?
GL:<^`A2CRPQ;NáL`Wa	;=:<VECEPQ:Q;B^`L>K;
ê
?B:Q;uA^CRP<PQSffi:eA=AD>@?]HKJ>AD?DCE^`A=>KG ;=F TtCEï`L:<>K?)T:Q>JLGL:ñCfú:QCRPQ>cGL:Q;BFRAD?BFffiáL:Q>
Ô>KGJADHAh>@?=TL>@GV£CRGLG
}
92:Q>3MOGL>@?=Sffi:<>3TL>K?jJLG:ñC£ú#:ñCEPQ>KGï)GL:<;=FRA=?=FffiáL:<>2P ZCERA];B:Q^`:QG>K?B;BA=>K?E ZCE`L>K?BJLGLS
=
R{_?
W=
	Ü(?
TtCR?B;BAD>@PQP<>KGCRPQ;@«
Uw¨
Éª©
¨
å
Ç
Èz«
¬

ë
aÉª©
¨­ßKFR;

å%®#¯
ë
å
#}eÜfã
ë
zc:<>K?]:<;BA
©
¨6TL:Q>2cGL:Q;BFRAD?BFffiáL:<>KVRFRGL;BADCRGWAD>R
î
TtCR;
î
FffiP<JLŁ&>KG
Ç
È
TLCR;]ŁCRSffiGL>AD:Q;B^`L>õ!FffiŁ&>KGWAK
«
¬

TL>@?
MO:QGL`>K:<A=;BdR>KVWADFffi?n>KGWADPQCRGLS5T>K?
àÔé
)^`;=>2JLGT
®°¯
TL>@?hcGL:Q;BFRAD?BFffiáL:Q>:QGLVE>KP
å
cL
}#}ß	}<Ü
å
CWë=ë
}
bcŁ TL:<>
®
áL:<GL;dffiFffiG!TL>K?NPQ>@:Q^`WAD>@G)^`;=>5:<?=?=>dffi>@?=;=:<>@PÍ`L:QGWn>KSffiH@JL>h>@Sffi>KG Ł5JL&TtCR;dffiFffiGCRJLffi>@G7CRGSffi>KP<>KSRA=>
Xt>KP<T7TtCR;3cGL:Q;BFRAD?BFffiáL:Q>\i>KP<T
Z
JLÔ>K?u:QGLTL>@G
}
X
Z
J?2JLGL:QC£ú#:ñCRP<>6cGL:Q;uAD?=FRáL:Q>@G:Q?BTTtCR;3)G:Q;=FEAD?=FRáL:Q>\i>KPQT
TLJL?B^`TL:<>2\iFffiPQSR>KGLTL>
¬
PQ>@:Q^`JLGLS :<>KTL>@?=Sffi>@Sffi>KÔ>KG =
E{_?
Y=
#Ü!?
«
G
¯
É

©
¨
IJ7K
C
å
#}eÜ[
ë
αA
S
nZ
H =0e
Z
X
S
nZ
αA S
H
Z
e
X
β
±
¢/²
±\³
²
&oY ÄÆçÙËÊËÅËÌ¸Ïp<ÛpÂµ´!w!¶

£¿s}ys!w	|$s!tvus!tvw~s}y x
·
s!¦s!w¹¸s!`,s}yijx7q Łt{s{]u,s!qU3tvw
Ç
È
s!w$u`x]w,¹,s!
s!t{z}|,us!w»ºt{z}|,u

w,
®°¯
h0tvs!tvw x
7·
s!¦s}yz¸s!`»j

qVx]w,,s!s{]uv¢]¦s}|,u¿y!t{z}|,s![qU3tvw
Ç
È
tvw»¸Ys!`]
t{z}|,u

w,

w3Vs}y[s!w$u y!us}|,u¿x

s!ts!tvw¼h tvw	s!¤½tvu,s!Ós!t{z}|,us!wºt{z}|,u

w,RjØ¦*u¾q]
OPQR
(fiùø	T%úûffffiY
" ffiZffXYüPCZfi
ÜffiÜ
¿ÁÀ ÂÁÀÃ
k lÅÄfixlnm ÆËm]p¤ÆËm ÇÈÆ

y¢ÆÍ

m2ÊÉÆÍo}Ë m3suo#lrp

lnx3s¢Æ#Ì-ÆËy¢ÉÆÍo
Ý :Q?BT>K:QG ZCRJffi>K?B>K;cXY>@PQTCRGLSR>KPQ>@SRA×TtCRGLGI:Q?BT!T>K?
®
áL:<GdRFffiGTL>K?NPQ>@:Q^`WAD>@G
­
:Q^`WA=JLGLSUh>@Sffi>h>@SRA
JLGLTI>@?];BA=>KP<P<A];B:Q^`I:<G >K:<GL>KŁ Ý :QGLVE>KP
½
H@JL?jPQ>@:Q^`WAD>@G
­
:<^`A=JLGLS5>@:QG
å
)L
}L#}ß#}<Ü
å
YëBë
}
õ!CRGI>K?B` ZCRP<A
TL:<>ïXt>KP<TLVRFRŁáÔFffiGL>@GA=>KGÞTL>K;6)GL:<;BAD?BFffiáL:<>@\i>KP<TL>K;
Ç
G
¯
Ën>KP<^`L>K;5T>K? ZCRJLffi>@?=>KG¸XY>@PQTL;uA ZCR?BVR>&>KGWADSR>KSffi>@G
é
:Q?BVWA×:QGLT>KŁ ŁCRGïTL:<>
¬
P<>K:Q^`JLGS
#}eÜfã
JLGWAD>K?hgh>K? ZJL^V;=:<^`A=:QSffiJGLS5TL>@;hÝ :QGLVE>KP<;
½
VEFffiŁ&áFffiG>KGWAD>@G
é
n>K:Q;B>6GLCR^`
Ç
È
CRLP<>K:<A=>@AK«
G


¯
É
Ü
IJ7K
C
­
&
UW¨
&
È


É
©
¨
IJ-K
C
KFffi;
åF®°¯

½
ë;=:QG
å%®#¯
ë
å
#}eÜ
æ
ë
G 
¯
É
Ü
IJ7K
C
­
&
UW¨
&
È

É
©
¨
IJ-K
C
KFffi;
åF®°¯

½
ëKFffi;
å%®#¯
ë 
å
#}R{
ë
MO:QGL>rCEGLTL>K?B>
î
CR?=:QCRGWAD>RKJLŁTL:<>
ê
FRŁáÔFffiGL>@GA=>KGTL>@;ÇcGL:Q;BFRAD?BFffiáL:Q>\i>KP<TL>K;H@J6>@?=`tCEP<AD>@G×Sffi>@PQ:<GLSRA¶TLJ?=^`
dffi>@VWADFffi?B:Q>KP<PQ>jcTLTL:<A=:QFffiGUTL>@?n>@GWAD;=á?=>K^`>KGLTL>@GXY>@PQTA=>K?BŁ>jH@JLŁ PQFffiV£CRP<>KGUXt>KP<T¹=
ffi? }
Ý :Q?BTU>K:QG ZCRJLR>K?=>@;
Xt>KP<TßCRGSffi>KP<>KSRAKË;uAD>@PQP<A;B:Q^`¸>@:QG
¬
PQ>@:Q^`LSR>@:Q^`WA6H@:<;=^`L>@GTL>KŁ )G:Q;=FEAD?=FRáL:Q>
é
JGLT ZCRJLR>K?=>@GXt>KP<T
>K:<G
}
92>@?)P<FffiV£CRPQ>6Xt>KPQT#dffi>KVWA=Fffi?
Ç
GV
è
 
å
cL
}¶	}ß#}
ë  TL>@?3CRJ\
Ç
È
:Q?BVAK ;B>@ADHA;=:<^`flCRJL;3TL>@Ł ZCRJffi>K?B>KG
Xt>KP<TJGLT!T>KŁ cGL:Q;BFRAD?BFffiáL:Q>\i>KP<TIHKJL;=CRŁŁ&>KG «
Ç
GV
è
 
É
Ç
G
L

Ç
G
¯
}
H
He
H
HZ
A
X
A
X
Z
β
lok
HA
&oY ÄÆçÙËÊËÅËÌ¸Ïp<Ûp<ÏHc3s!¦s!tvw Ýx,z}|,usCx]}y!us!v

w,o,s!P]x]s!w¸Ys!`*y!ux]¦s(
gh>AD?DCE^`A=>@AvŁCRG TL:Q>]MrG>K?=SR:Q>jTL>@;
®
a	;BAD>@Ł;@WTtCR;O:<G TL>K?OcLL:QP<TLJLGLS
	}ß#}eÜ
å
YëÇÔ>K;=^`?=:Q>@>@G&J?=TL>E
;=F&>K?B`
Z
CRPeAŁïCRG \iFRPQSffi>@GLTL>
¬
PQ>K:<^`JLGLSL«
Uwv
L
C
É
IJ7K
C
­ÍG
L
@Fffi;
å
½
ë

©
¨­ß@Fffi;

åF®°¯

½
ë
å
#}#Ü
ë
92>K?]Ý :<GLVR>@P
½
LTL>@?N:<GITL>K?jP<FffiV£CRPQ>@GXt>KPQT;BAfZCE?=VR>2dRFffi?=VEFffiŁ&ŁA
å
cL
}Y#}ß#}
ëŁ5JL Ł&:<A]T>KŁªÝ :<GLVR>@P
½
ZJ>@?=>K:<GL;BA=:QŁ&Ł>@GT>K?NCRJL;TL>@?cMOGL>@?=Sffi:<>KŁ&:QGL:<Ł:<>K?BJLGLS6dRFffiG
¬
PQ>@:Q^`JLGLS
#}#Ü
\iFffiP<SRA×«
Î
Uwv
L
C
Î
½
É
IJK
C
­zG
L
;=:<G
å
½
ë
Ï©
¨­ß;=:QG
å

åF®°¯

½
ëBë
É
{ZÐ
å
#}ffi
ë
G
L
;=:<G
å
½
ë
É Ñ
;=:QG
å

åF®°¯

½
ëBëÒ
ÑeÉ
©
¨
IJ7K
C

å
#}R
ë
92:Q>
­
:<^`A=JLGLS&TL>K;NPQFRVECEPQ>KGXt>@PQTL>@;j:QG)L:QPQTJLGLS
#}ß#}
:<;BANSffi>@Sffi>KÔ>KGTLJL?B^`«
;B:QG
å
½
ë
@Fffi;
å
½
ë
É
G


¯
G

¯

G
L Ó
G
L
;B:QG
å
½
ë
É
G


¯
KFffi;
å
½
ë

G

¯
;=:<G
å
½
ë
å
#}Eì
ë
OPQR
(fiùø	T%úûffffiY
" ffiZffXYüPCZfi
Üf
Ý :Q?BT
¬
P<>K:Q^`JLGS
	}Eì
:<G
	}R
>@:QSffi>@;=>@A=H@AKt>K?=` ZCRP<AŁCRGITL:<>6gn>KHK:<>K`JLGLS«
G


¯
KFffi;
å
½
ë

G

¯
;=:<G
å
½
ë
ÉÔÑ
;=:<G
å

åF®°¯

½
ë=ë
å
#}ffiß
ë
Ý :Q?BT:QG
¬
P<>K:<^`	JGLS
#}RßÕ
É

®#¯

½
>@:QGLSR>K;=>ADHA×t>K?B` ZCRPeAŁïCRG «
G 

¯
@Fffi;
å
½
ë

G 
¯
;B:QG
å
½
ë
É Ñ
;B:QG
å
Õ

½
ë
Ó
G 

¯
@Fffi;
å
½
ë

G 
¯
;B:QG
å
½
ë
É Ñ
;B:QG
å
Õ
ë@Fffi;
å
½
ë
ÏÑ
KFR;
å
Õ
ë;=:<G
å
½
ë
å
#}R|
ë
92JL?B^`
ê
F	>Ö&H@:Q>KGWA=>KGWdffi>@?=SffiP<>K:Q^`flTL>@?2PQ:<GLVR>@GJLGLT?B>K^`WAD>@G
®
>@:<A=>6dffiFRG
¬
PQ>@:Q^`JLGLS
#}E|
>K?B` ZCRP<A)ŁïCEG
CRP<;
<
ZFR;=JLGLS«
G


¯
É Ñ
;=:QG
å
Õ
ë
ÉªÑ
;B:QG
å

®°¯

½
ë
å
#}ffiã
ë
G 
¯
É Ñ
KFffi;
å
Õ
ë
É¼Ñ
KFR;
å

®°¯

½
ë
å
#}R
ë
×
ÈÓ£ÌÔÆiÈ	ÄçÖ£ÑÙÍÈÓ
J
Ò3 LOÒÔÅÍÈ	ÅÉ[È	ÅÙÍÈ#ÕH&IÅËÄçÕKÒtÉ[ÓfÒLÇÄÈøóÈ	ÆÙËÈ	Õ]N
G2WhFffi`PTL:Q>
¬
P<>K:Q^`JLGSffi>KG
#}eÜ
æ

#}R{
JLGLT
#}ffiã

#}E
HKJL?gn>K;=^`?=>K:<LJLGLS&TL>@?
ê
FRŁáÔFffiGL>@GA=>KGITL>@;
)G:Q;=FEAD?=FRáL:Q>\i>KPQT>K;j;=>@`L?NJLGWAD>K?B;=^`L:<>KTLP<:Q^`!;=:QGTY:Q;BAT:Q>
Z
bcÔ>K?B>K:QG;BAD:<ŁŁJLGLSUŁ:eAjTL>@?)CRGLCRP<aAD:<;=^`L>@G
<
Z
Fffi;=JGLS2dffiFffiG
¬
PQ>@:Q^`JLGLS
	}ffi
;=>K`?OSffiJA
}
ðG TL>KGU92:QCRSffi?=CRŁŁ&>KG
#}ß#}eÜ
å
¬
PQ>@:Q^`JLGLSffi>@G
#}eÜ
æ
JLGLT
#}R{
ë
JLGLT
	}ß#}
å
¬
P<>K:Q^`JLGSffi>KG
	}ffiã
JLGLT
#}R
ëÍ:Q;BA >@:#JGA=>K?B;=^`L:<>KTLP<:Q^`L>@G&P<>K:<^`A=>KG
­
:Q^`WADJGLSffi>KG
®#¯
JLGLT
>K:<GL>K?))GL:<;=FRA=?=FffiáL:<>KVEFffiGL;BADCRGWAD>dRFffiG
©
¨
É
ìW
 -Ø
ÙÛÚ
å
MO:Q;B>KGYëN>K:QG
î
>K?=SRPQ>K:<^`7TL>@?
¬
:eA=A=>K?=?B>K^`LGJLGSIJLGLT
CRGtCEP<aAD:<;=^`L>@G
<
ZFffi;BJLGLSTtCR?BSffi>K;uAD>@PQP<A
å
®
A=FffiGL>@?
é
ÝÞFffi`LPe\CR?BA=`
é
õF#TL>@PQPÍSffi>@PZFffi;uA3Ł:eA2TL>@Ł Ec>jADFffiGWdR>K?B\CE`
é
?=>@G%=
R_?
ë
}
Mr;N;=:<GLTVR>@:QGL>?=>@PQ>dRCEGA=>KG!)Wh>@:Q^`JLGLSR>KG7H@J!Ô>KFffiLCR^`WAD>KG
}
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
H  [T]
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1M
Gitterrechnung
analytisch
α =90
α =60
α =30
A
A
A
o
o
o
µ0
n
e
Ü
ÄÚÌÔÓfÚ$  Ïp<ÛpÂdc3s!©]s!t{z}|H,s!
¥
tvuus!¦s}z}|,w

w,Ýj
¥
s!t{z}|

w,,s!wn,Þmß

w3Zn,\n¤àqtvuY,s!x]w3x]
Ł*u©tyz}|$s!wá

y

w,Rj
¥
Łw3n,\nnq]
OPQR
(fiùø	T%úûffffiY
" ffiZffXYüPCZfi
Ü[
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
H  [T]
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1M
Gitterrechnung
analytisch
α =90
α =60
α =30
A
A
A
o
o
o
µ0
n
e
Ü
ÄÚÌÔÓfÚ$  Ïp<Ûp<ÏHc3s!©]s!t{z}|H,s!
¥
tvuus!¦s}z}|,w

w,Ýj
¥
s!t{z}|

w,,s!wn,\nãâ

w3Zn,\nåäqtvuY,s!x]w3x]
Ł*u©tyz}|$s!wáy

w,Rj
¥
Łw3n,\nnq]
MO:QGh>@:<AD>@?=>@?
î
>K?BSffiPQ>@:Q^`TL>K?
¬
P<>K:<^`	JGLSffi>KG
#}eÜ
æ

#}R{
JGLT
#}ffiã

#}R
PQ:<>KSRA:QGTL>@?)GH×CR`LPvTL>@?
ðóAD>@?DCEA=:QFffiG>KGV
å%æ
ë LTL:Q>2\
Z
J?jTL:Q>
ê
FffiGWdffi>@?=Sffi>@GLH>@G
Z
FRA=:QSRA]n>K?BTL>KG
}
cPQ;
ê
FffiGWdffi>@?=Sffi>@GLHKV?B:<AD>@?=:<JLŁªJL?BTL>
>K:<GL>
®
^`L?DCRGVR>2\
Z
JL?nTL:Q>cŁ:eA=ADP<>K?B>Ý :<GLVR>@P
Z
CRGTL>K?BJLGLS5Sffi>
Z
CR`LPeA×«#ç
®
A
L
¨

®
¢V
E
çåa
æ
Ł&:<A
æ
É
Ü[{
3éè
JLGLT
®
É
Ü
¬
Í
¬
ß
¬
 Pêë
Aì
Ë
Í
Aí
Ë
ß
A|î
Ë
 
®
Íþ ßþ  7ïð

å
#}
æ
ë
zc:<>K?B>@:;=:<GLT
¬
Í
fi
¬
ß
fi
¬
 
TL:<>3)GLHKCR`LP¶TL>@?
¬
:eA=AD>@?=H@>KPQP<>KG :<GTL>KGTL?=>@:
­
CEJLŁ?B:Q^`WADJGLSffi>KGJLGT
®
Íþ ß"þ  
TL>@?cÝ :QGVR>KPËTL>@;
®
áL:<GL;
Ç
È
:<GTL>@?2_ËFffi;=:eAD:QFRG
å
fl
fi ñfi

ëjŁ&:<ANTL>K?
àÔé
c^`L;=>
}
MO:QG
î
>K?=SRPQ>K:<^`!:<;BAc:QG92:ñC
é
Sffi?=CRŁŁ
#}ß#}
TtCR?BSffi>K;uAD>@PQP<A
}
õ!:eAâva	áðvh>@?=TL>@G7TL:<>
¬
PQ>@:Q^`JLGLSR>KG
#}<Ü
æ
JGLT
#}R{
Ô>KHK>@:Q^`LG>@AcJLGLT
Ł&:<Arâra#áïð=ð T:Q>
¬
P<>K:Q^`JLGSffi>KG
#}ffiã
JGLT
#}R}
cJL^` `L:<>K?r:Q;uAvVR>K:<GïÔ>KŁ&>K?BVR>KG;Bn>K?BA=>K?jbNGWAD>K?B;=^`L:<>KT
\i>K;uADH@JL;BA=>KPQP<>KG
}
OPQR
(fiùø	T%úûffffiY
" ffiZffXYüPCZfi
Ü×ì
0 0.05 0.1 0.15 0.2 0.25
H  [T]
0
2000
4000
6000
8000
k
α =90
α =60A
o
o
A
Typ II
Typ I
µ0 e
Ü
ÄÚÌÔÓfÚ$  Ïp<Ûp<ÎHc3s!©]s!t{z}| ,s!´!us!x]u©t{*w	y(x]w,§x*|,fij
æ
qtvu
æ
É
Ü[{
3éè
Wòt{s!

s!tPty!u
®#¯
,s!
¶w$ty*u}}3t{s!£Rtvw	s!`gfiyC£

,s[s!tvw
©
¨
É
ìffi
 -Ø
Ù
Ú
,s!£x*|,ŁuØ
­0®ó ôi±²fi±½¿¾¸ Æ¸¹¶ ¹±P¼öõ »DO ³HÂ÷U±ÂD¹±P¼
øùoúZø ûQáüñýxþ ßý

ßý	¤ßú
oü¹ßû@ß6ò¤ßý\ý4ßù@úoß

úû	 ù¤þÁßû@ß ù

ß5ß ø û<ábüñý
å
à
û\ßýôë
ûffflfi ùffiffù¤ú

û 

ý"!ù#Wú5û$	

ffi	

5ßû%ffi6ßú	@û4ß

ý4û	@ß&Åß5ß	'ffiñú 
oß¢þFùffi5ß!ßffû$ 6ßý)(
I
×
ÈÓføóÚtÑÍÓ£È	Å+* N
&Åßû

ßRø ûQáüñý\ß

ß

ß¾áffiffi5þ
!
ü ff§û$ ûff
à
ßffiff

ßiß,5ú=áffiß	@ß

ß
-
û$ 6ß .ßý\ý\ßsùffiñß@üff/ff§ß)0
I
×21,3547698:3;1'<
*=* N
ø û\ß?>@@ßý\ý\ß

ßúBA ßý

ßúDCßú5ûEF.GßûZß

ý4û	@ßúIHüñý$ffiffß)0|øùúJA ßý
)K
ßý	¤ßú
!
ffiCß

û4ßML"5ß5ù6û4ü

ßø ûNüñý

û$	6ß

ßúOHüñý$ffiff§ß@úsß ff§ûE6ßý$

û$
)P
û$Múû	ªûff
Qß,ffiff

ßRQû\ßý.ßý\ý4ß ù¤ú0
I
×21,3547698:3;1'<
*=*=* N
>@@ßý\ý4ßSffi

Qû4ßýTCßúû$.ßµßû ß

ý\û$	@ßúUHüoýffiffß)0WV0ú

û

úü

ü¤ý
!
ffiCß

ùoú2Hüñýffiffß

ßX>@@ßý4ý\ß§ùoý\úzùffi	
!
Cbß

ùoúHüñýffiffß

ßúYQû\ßý\ßúZû5ßû\ßZ2ffi

.@ú
!
ù.ý4û	

ffi	

ùoú[Qû4ßý$
oüñýff§ß

û$
éû

û\ßZ

ú5ü

ù#\ffÝùßû@ß]ñßff§ûE5ßý$5ß^A ßý

ú 
!
ùß
!
ffiCß

ùú_oßú6ùff6ßHüñý$ffiff§ß

ßRQû4ßý.ßý4ý\ßß
!
ùý$K0
O`QbacIdfehgijcIkTdúmlRdTcDaZn)oBkRdqprltsDuüe%`2p_dfu v5w
¿ÁÀ7xwÀÃ y
ÆDz Ì|{f}@z ÆD~Xmffiz ÆD Ì-ÆD¢ÉHÆDZ~ ÆDzŁ~@P9{0É~@
 û4ß Cbßû  û M ùoúA ßý  û$ffûE6ßýNffiffi  ßQû\ßý.ßý\ý4ßXCbß5ß	ffi@ß I ùoú2
oüffø ûNüñý$ff§üffßûff
ûE6ßýNffiffi  ßB>@@ßý\ý$.ßý4ý\ß_  w=ù@úoßrTCffiC)000Ev5G0/ø û\ßA ßý  ú  !ùßÁùff¡ @ZBQû\ú °úüff§ûEK(
¢
G/£¥¤¡¦T§Y¨K© ªG«P£]¤¡¦T§Y¨K© ªR¬:­
®
¯ °®±²
¤¡¦T§Y¨K© ªT¬%­
³®
¯
üoú=µ´J
®¶ ²·
üñú5µ´Jb¤
°¸
®^¹º»0¼½
¾ üCbßûP¿³	  ùoúff§ù¤ß6û4ú	@ß^üffß  ßúø ûNüñý4ú  ®À¤ÂÁ Ã¶BÄhÅ¶IÄ
°
¶=Æ  ßXTC¤ú ù  .ffiff
ûE6ßýNffiffiRQ\ffi  Ã]¤ÇÃÉÈt¦jÃÉÊDÆrÅY¤ÅÈt¦jÅÊ%Æ
°
¤
°
Èt¦
°
ÊMû\úZK0
r
r
1
Q β
α
X
Y
Z Z
Ë¥ÌDÌJÍ³ÎµÏDÐ
<DÑjÒ%Ó$Ô)Ó³Õ×ÖØÙ9Ú;Û ÜKÝGÛEÞXØàßâáSØàã³ãÝGÛ ÙÉä'åæ;ãbçèÞ'ÝGéTç:Ø»ÝGÛê;ÝGÛàÛÝëÖXÝGérÖØÙ9Ú;ÛIìíÛîØ»Ý»ïãWÝðGÝGåKÜñÛàÛòRØàß
áSØàãµã"ÝGÛ ÙÉäåæ;ãPÞ'ÝGéYìPäÝGÛàÛê;ÝGÛàÛÝäåÉÞUØòGãmÝGå9ãµÛEñå'ïUÞ'ÝGéç:ó³ôTõ	öò=Ýñäòï'ÝGé|Ø»õ	ö'ãÝGã»ë
ø û\ß@Aãßý

üff/Nbü¤ß6ßû$

ßm÷Røffi

QÉø"fiû$	,ffiffiú5û$

ú5üffû$(
ù
ª
£
¤q¦[ú
«P£
ú
°
¤ ¦
­
³®
¯
¬
v
®;±
¦
¼
°
¶
®û
²
·
üñú=³´Bf¤
°¸
®
¤
­
³®
¯
¬
¼büñú
¶
µ´JJ¦üv
®
± ²
»0¼v5
ù
¨
£
¤q¦
ú
«P£
ú
Ã
¤ ¦
­
³®
¯
¦T¼;Ã
°
®
û ·
üoú=µ´Jf¤
°¸
®5Æ_®ýb¤×®úû:³´BGÆþüoú5³ßIb¤íÃ
¸
®;ý
¤
­
³®
¯
¼0úû%³´Büñú=³´Büoú=³ßI
®
±
¹ »0¼
ø û\ßú5ß
-
ý\ßû	,ffiffiiû4ú ,ffi

ùffi\
!
@ý$5û
9
ßffi

ßRC@ú 6ù

.ff.

ßûE6ß»ø û$NbüñýÛùff Z2Qkûff
Hß ñý\ßû	h./R@ú

ßffi,ffiffi

ßú§ø ûNüñý\ú5ü#!û4ú 

ú5ü

ù#

ßø ûNüñý ú5ßý$Cbßùoý\útNffiffi5þ
!
ü ff§û$
CßF5ù	6ßG

ß

ßOùffi)0
 `bacIdfehgijcIkTdmlRdTcDaZn)oBkRdqprltsDue%`2p_dfu v=
	7x
 y
z|{f}@z

~ffitmffiz





z

}~r~@@z

},~W

z9{J9W~ 

z

fiff


 fl

 

L"  û4ßúßff Aãùoý\ý4ß  û [ ùoú?A ßý  ûffâ û$5ßý$Nffiffiffi  ßPQû\ßý$.ßý\ý\ßmCßß	ffi¤ßK0ffiR6ß  ßWRffi ùffiffß 
 ù#  û4ßX>@@ßý\ý.ßý4ý\ß@@üff§üoßþffÝù@ß5û\ú5û4ßZWû\ú  ffi û 
!ffiCß
 ùoúrHüñýff§ß  ßT>¤ßý\ý4ßffiû6ß5û4ß 
µ0|ø û\ßßß	ffi@ßG6ß?A ßý  ú  !ùoßùff  @ IQ]³RCffiC)05'00ñû4ý$
 ùffiþ !ffi
 ùú%ñßú5ùff6ßQû4ßýE
ñüñý$ffiff§ß)0
X
Y
Z
0 Quelle
V(r)
0 Ziel0
|r’−r|
Z
V(r’)
Ë¥ÌDÌJÍ³ÎµÏDÐ
<DÑjÒ%Ó$Ô)Ó$Ò¡ÖØÙ9Ú;Û ÜKÝGÛEÞŁÝGØàåÝ	ò! ÉÚ;ÛîäßUÝGåÝGÛÝGßUÝGå9ã"Ý	ò! #"7é%$'&(WÝGÛõ	ö9Ý	ò^ñä|Ü¥Þ'ÝGßáSØàãµã"ÝGÛ ÙÉä'åæ;ã
ç Þ'ÝGé@ç:Ø»ÝGÛê;ÝGÛàÛÝ(bØàéFæ;ã»ë
ûEUû\ýxþ ß

ßú
-
ù@ú5ú*) ú 	@ß,+¤ù;F.ßú 

.-5_ffi

ffi6ß

ß[Rffi ùffiffß
f
ù#

ùú/Hüñý$ffiffßø
ßý4ßffß[@üffüñß ff§ù@ßG6û\úû\ß û\úZ

ý
!
ù#ú5û	

ùoúYHüñýff§ß@û6ß6ùýwûßû Aý
!
ù	@ß@û$6ß6ùoý
!
ffiCß¢þ
!
ffiffi5ß)0øùoú0/Ûü6ß5û ùoý#ùff  @ RQ»û4ú Wúüff§ûEK(
«P£ ¤
¢
­
®
¯ 1'243657
§
5
v
8
®:9ffi¦è®
8<;>=
³®
¤
¢
­
®
¯ 1'?@3657
v
8
®:9ffi¦è®
8A;CB
¹ »0¼¼
EDGFIH CJF*DDAKML
;B
¤ON
P
;>QRCSCT
N
P
T
DAFUEV.HXWZY.[A\]V@W[N^V
S
F
S
L_Fm.
R
HW @C^FIH`baY.cedCF0fDGFrAgF*[
T
KL:aY.HM\.FY.Wâ HL
Qih
¢
ùY£ ¤ ¦@§
5
9
«P£^¤q¦\§
5
9
¬
v
¯j1
?@3k57
v
8
®
9
¦è®
8
;B
²
l mn o
p
3k5
9rq
57
¢
­
³® »0¼,
¤ ¦s¿³®
9
¦è®
¢
­
®T¹ »0¼w
 `bacIdfehgijcIkTdmlRdTcDaZn)oBkRdqprltsDue%`2p_dfu v:-
LWtY.[G[Au@F*WZF*D
S
F
S
AgY.[A[CJF*D
S
HvV.[
R
WwF
S
F*[AF*WZF
S
LXF
S
u@DG[GLxh
¢
ù/£¥¤q¦ y
z:{
sj®
9
£
¦j®
{

¢
­
³®
{
@¹ »0¼
fFIH0|bF
S
KMV@HEU}D
S
-
[GFIDAced
RCS
uU'0¼~DAKL0DAW E[A[Gu@FIWwFID
S
F
S
F*D
S
F2¼4¼[Y]L_HMDJCF
SCS
WY
ST
DGFAgF*[
T
ø
\.V.W[N^V
S
F
S
LXF
S
D
S
Y.[A[GF
ST
HXFIDEY
R
WZHMDAcedŁL
RS
u@F
S
C^F*LXH_Y.cedŁLXF*LK0LWO+DGW
R
[AY]L_DGV
S
KXWwV
T
FI[G[F*H
T
F
S
dCD
S
ø
u@F*u@F
S
¾D
S
\.F*[aY
ST
FIH
RCS
u@F
SSR
HD
ST
F*H?÷QÉø"VbCJF
S
FTC H]a
R
ce\KXDGcedLXDAu.LIKMV
T
Y.
T
FIH|F
S
KXV@HU
SR
HFID
S
F
?[jY]L_HMD
T
Y.HXKL_FI[G[GLIh
shf¬
s¨	¨ s¨|ª
s2ª¨ s2ªª
²
¹
j^É<:1'<J=1I
s2¨	¨'àÃ:ÆFÅÆ
°
ÆeXÃ:ÆetÅÆ_
°
b¤ B XÃU¦¿Ã:ÆetÅÄ ÅÉÆe
°
¦
°
%Ä¡J XÃ¥¦jÃ:ÆetÅ@Ä ÅÉÆe
°
Ä
°
Ä
B XÃtÄhÃ:ÆetÅÄhÅÆ_
°
¦
°
:Ä¢B XÃXÄhÃ:ÆetÅÄhÅÆe
°
Ä
°
Ä
B XÃU¦¿Ã:ÆetÅX¦èÅÉÆe
°
¦
°
:Ä¡B£tÃU¦¿Ã:ÆetÅX¦èÅÉÆe
°
Ä
°
 Ä
B XÃtÄhÃ:ÆetÅ¦èÅÉÆe
°
¦
°
%Ä¡J XÃYÄèÃ:ÆetÅX¦jÅÉÆe
°
Ä
°
Æ
j^É<:1'<J=1I¤:
s¨|ª;Ã:ÆFÅÉÆ
°
Æ_tÃ:Æ_YÅÉÆe
°
b¤ ¥£tÃ[¦jÃ:ÆetÅX¦jÅÉÆe
°
¦
°
B¦¥ XÃ[¦jÃ:ÆetÅX¦jÅÉÆe
°
Ä
°
G¦
¥£tÃ[¦jÃ:ÆetÅÄhÅÆe
°
¦
°
:Ä¦¥)£XÃU¦jÃ:ÆetÅÄhÅÆ_
°
Ä
°
G¦
¥,ý£tÃtÄhÃ:ÆetÅX¦èÅÉÆe
°
¦
°
:Ä§¥,ý£tÃtÄhÃ:ÆetÅX¦¿ÅÆe
°
Ä
°
Ä
¥,ý£tÃtÄhÃ:ÆetÅX¦èÅÉÆe
°
¦
°
B¦!¥,ý XÃYÄèÃ:ÆetÅ¦èÅÉÆe
°
Ä
°
@¹
VCJF*DXÃ:ÆetÅÆe
°
T
DAF¨Y
S
L_F
S
[
a
Y
S
u@F
S
KMD
SCTRCSCT
BÃ:ÆFÅÉÆ
°
¤
v
¯
Y.HXc©LeY
S
¬
ÃÅ
°
Á Ã¶JÄ Å'¶IÄ
°
¶
²
»0¼Ł-
¥Ã:ÆFÅÉÆ
°
 ¤
v
¯
[
S
àÃYÄª Ã¶JÄ Å'¶DÄ
°
¶ »0¼@«
¥,ýÃ:ÆFÅÉÆ
°
¤
v
¯
[
S
¦_ÃtÄ,ª Ã
¶
ÄhÅ
¶
Ä
°
¶
¹ »0¼@¬
fDAF¨V.W[N^V
S
F
S
LXF
S
sª"¨
RCSCT
sªªFIHXd
a
Y.[GL0WZY
STCR
HMced­/F*HXW
R
LeY]LXDAV
S¯®
V
S
s¨|ª
RCST
s¨	¨Łh
s2ª¨r°SÆe±Æe²RÆeXÃ:ÆetÅÆ_
°
 ¤ s2¨|ª5 ²RÆe±fÆX° Æe
°
Æ_YÅÉÆeXÃ
s2ªª5r°SÆe±Æe²RÆeXÃ:ÆetÅÆ_
°
 ¤ s2¨	¨, ²RÆe±fÆX° Æ_
°
ÆetÅÆeXÃT¹
 `bacIdfehgijcIkTdmlRdTcDaZn)oBkRdqprltsDue%`2p_dfu v'«
	7x
%³ y
z|{f}@z

~ffiffiXmz





z
b
}~r~@´@z

}µfl:¶{Jfl: 

}

,~W

z9{J9W~ 

z·
fi¸


fl

Z

EDGFIH CJF*Di0DAH
T
u.FIu@F
S
a
R
C^FIHTCKXced
S
DLXL00^.
R
K'aY¹LF.I[GDAceda
R
C^FIH
T
DGF/QDAF*[.IF*[A[GFºD
S
LXFIu@HMDAF*HML
RCST»TCR
HXced
T
F*HXF
S
HvV.[
R
WwF
S¼T
D
®
D
T
DAF*HMLx
R
W F*D
S
u@FIWwDGLML_FI[L_F*K[AF*[
T
a
R
CJF*H
T
Y]Ku@F*K_Y.W½LXFÀQDGFI[
®
V@[
R
WZF
S
TCffiC0
00¼P.
R
F*HXdY][GL_F
S
0gfY.KWY]u
S
F*LXDAKMcedCFKX\¹Y.[<Y]HXF¾/V.LXF
S
L_DAY.[¿CFI[GcedCFIK
®
V@W+HvV@[
R
WwF
S
F*[AFIWwF
S
L
=
³®
Y
RÀ
FID
S
Y
SCT
F*HXFIK
=
®
9
FIH .IF
R
u.L0DAH
T
CDAKL.«;¿:.¬ D ¼½; h
«³®
9
f¤
v
¯
=
³® 9 i1 23k5
9
7
;>=
³®
9

1 2Á3k57
¢
­
® §
5
v
8
® 9 ¦j®
8Â;>=
®T¹ »0½
X
Y
Z
0 Quelle
V(r)
0 Ziel0
|r’−r|
V(r’)
Ë¥ÌDÌJÍ³ÎµÏDÐ
<DÑjÒ%Ó$Ô)ÓGÃ¡ÖØÙ9Ú;Û ÜKÝGÛEÞ^ÝGØàåÝ	ò ÉÚ;ÛîäßUÝGåÝGÛÝGßUÝGå9ã"Ý	òj v"7é$'&#(WÝGÛõ	ö9Ý	ò2ñäGÜXÝGØàå\ñåÉÞ'ÝGéFÝ	òj ÉÚ;Ûîä'ó
ßUÝGåÝGÛÝGßUÝGå9ã¾ v"7é
9
$w(bØàéFæ;ã7ë
fDAF]AF*[
T
KL:aY.HM\.F
¢
ù
9
ÄF*[AcedCF
TCR
HXced
=
³®ÅFIH .IF
R
u.LZ0DGH
T¼RCSCT
Y
RÀT
Y.KtHvV@[
R
WwF
S
FI[AF*WZF
S
L
=
³®
9

0DAHM\ŁLxDAKL
T
FIW
S
Y.cedh
¢
ù
9
¤ ¦@§
5
9
«³®
9
f¤ ¦s¿³®
9
¦j®
¢
­
³® »0ffiv5
s¿³®
9
¦j® ¤ §
5
9
¬
v
¯
=
®
9
Ä1:2365
9
7
;=
³®
9

1x243k57
§
5
v
8
®
9
¦j®
8A;=
³®
²
¹ »0,
fDAFRHvV@[
R
WwF
S
D
S
L_F*u@H_Y.[GFD
S
-
[AF*DAced
RCS
u/0,Å[<Y]KXKXF
S
KMDAcedWZDLrEDG[
À
F
T
FIK
-
Y
R
KXKI)ÆKXcedF
S
+Y¹LF.IF*K
 :.-;¿D.«5D
S
FID
S
A[aY.cedCF
S
D
S
LXFIu@HXY.[	a
R
C^FIH
À
a
R
dCHXF
S
h
sj®
9
¦è® ¤ §
5
9
¬
v
¯
=
®
9

1
2Á3k5
9
7
1
243657
§
5
v
8
®
9
¦è®
8
;=
³®
;>=
®
9

²
¤
v
¯
=
®
9
Ä1
?Ł3k5
9
7
;B
³3
9

1
?@3k57
v
8
®
9
¦j®
8
;B
3T¹ »0¼
¾»VCJF*D
;B
³3X¤ N
P
;>Q
®Ç
;B
³3
9
t¤ N
P
;Q
®
9

RSCT
N
P
T
DGF¯UEV@HMWY][A\.V.W[N^V
S
F
S
LXFU.
R
HY @CJF*HM`baY]cedCF
KXD
SCT
0
 `bacIdfehgijcIkTdmlRdTcDaZn)oBkRdqprltsDue%`2p_dfu v'¬
LW Y.[G[Au@F*WZF*D
S
F
S
A^Y][A[¿#F
SCSÈS
HvV@[
R
WZF
S
FI[GFIWwF
S
L_F
®
V.HXdY
ST
F
S
KMD
SCT

S
DAWwW½L
-
[AFIDGced
RCS
u 0
À
V@[Gu@F
SCT
FAgV.HXWOY
S
h
¢
ù
9
É
¤q¦ y
z:{
sj®
{
¦è®
9
É

¢
­
³®
{
@¹ »0,
j^É<:1'<J=1'< Ï 1>Ê~ËW1'<bÊI3]Ê
fFIHrAF*[
T
LXF
S
KMV@HUÈDAKML0DGWt+DGW
R
[AY]L_DGV
S
KXWwV
T
FI[G[g0DGF
T
F*H0FID
S
F2W/Y]LXHXDÌh
shf¬
s¨	¨ s¨|ª
s2ª¨ s2ªª
²
¹
fYÍFIK0KXDGcedOC^FID
T
FIHrL
S
L_FIu.H_Y]LXDAV
S
a
R
C^FIH
T
DGFAi[aY.cedF
S½Î
F*FIDG[AK
R
W ø
À
Y.cedCFL
S
L_F*u@H_Y.[GFdY
SCT
FI[GLI0DAH
T
T
DGFÏaV.K
RCS
uwD
S
\[AF*D
S
F*HXFA
RCS
\ŁLXDAV
S
F
S
.«5:.IFIHM[AF*u.Lxh
j^É<:1'<J=1I
s2¨	¨r°SÆe±Æe²@¤ ÐÇ.ÑUÂ° Æe±fÆÇ²@D¦ ÑUÂ°flÄ¢XÃ:Æe±fÆÇ²@J¦§Ñ[r°º¦§XÃ:Æe±fÆÇ²@
Ñ[r° Æ_±ÆÇ²T ¤ ÑfýÂ° Æe±Ä¼YÅÉÆÇ²èÄ¼
°
b¦§Ñbýr°SÆe±Æe²èÄ¢
°
B¦§ÑfýÂ° Æe±Ä¼YÅÉÆÇ²@Ä
ÑfýÂ° Æe±fÆÇ²@
Ñbýr°SÆe±Æe²@¤ Ñ
¶
Â° Æe±fÆÇ²@I¦§Ñ
¶
r°SÆe± ¦§tÅÆÇ²TI¦ Ñ
¶
Â° Æe±fÆÇ²ü¦ 
°
:Ä
Ñ
¶
Â° Æe± ¦§tÅÉÆÇ² ¦ 
°

Ñ
¶
r°SÆe±Æe²@¤ Br°SÆe±fÆÇ²@I¦¼BÂ° Æ	½ÆÇ²@I¦¼BÂ° Æe±fÆ	½Ä¡BÂ° Æ	½ÆF½
Ò
Ð ¤
v
¯
=
®¹9
Æ
=
³®
9
f¤
=
®b¤ÓXÃ^tÅ
°'Ô
BàÃ:ÆFÅÆ
°
©h
BÃ:ÆFÅÉÆ
°
¤
Å


°
¶
¦ŁÃ
¶
«í¬
Å
Á
Ã¶BÄ
°
¶
²
Ä
°

³Å
¶
¦jÃ
¶
«í¬
°
Á
Ã¶JÄ Å'¶
²
¦
ÃÅ
°
Y.HMc*LeY
SÕ
Å
°
Ã^Ö×
Ä
v
Ø
;Ã
¶
¦jÅ
¶
¦
°
¶©Ù
Öâ¹
EDGFIHMÚJF*D4DAKLR«Ã¤,[
S
ÃXÄ
Á
v?ÄèÃ¶G
RCSCT
Ö×¤ Á Ã¶BÄhÅ¶IÄ
°
¶'Û
 ÜÝcIdfehgijcIkTdmlRdTcbÝZn)oBkRdqprltsDueÁÜ2p_dfu ½
j^^Þß>ÞJ'ßI¤:
s¨|ª5r°SÆe±fÆÇ²@¤ Ðüáà[r° Æ_±ÆÇ²TJ¦§àUÂ° ¦!tÃ:Æ_±ÆÇ²TJ¦§àUÂ° Æe±Ä¼YÅÉÆÇ²@ Ä
à[r° ¦ XÃ:Æe±íÄ¢tÅÉÆÇ²@
à[r°SÆe±fÆÇ²@¤ àXýr°SÆe±Æe²@J¦§àtýGr° Æ_± ¦§YÅÉÆÇ²@D¦§àtýÂ° Æe±fÆÇ²ü¦§
°
:Ä
àXýr°SÆe± ¦ tÅÆÇ² ¦§
°

àXýr°SÆe±fÆÇ²@¤ à
¶
r°flÄ¢XÃ:Æe±fÆÇ²hÄ¢
°
B¦§à
¶
r°flÄ¼tÃ:Æ_±ÆÇ²TJ¦§à
¶
Â° Æe±fÆÇ²hÄ¢
°
:Ä
à
¶
r°SÆe±Æe²@
à
¶
r°SÆe±fÆÇ²@¤ ¥r°SÆe±Æe²@I¦¥r°SÆe±fÆ	½
Ò
Ð ¤
v
¯
=
® 9 
Æ
=
®
9
f¤
=
®b¤,XÃ^YÅ
°:Ô
¹
+cedC[GDAF*@[ADGced¥)àÃ:ÆFÅÉÆ
°
©h
¥Ã:ÆFÅÉÆ
°
 ¤ ÃÅ
°
«í¬
°
Á Ã
¶
Ä Å
¶
²
Ä
Å

µ¼
°
¶
¦èÅ
¶
«í¬
Ã
Á Å
¶
Ä
°
¶
²
Ä
Ã

³¼
°
¶
¦¿Ã
¶
«
¬
Å
Á
Ã¶JÄ
°
¶
²
¦
°
±

Y.HXc©LeY
S
Õ
ÃÅ
°
Ö×
¦
°
Å
¶

Y.HMc*L_Y
S
¬
Ã
°ÅÖU²
¦
°
Ã
¶

Y.HXc©LeY
S
Õ
Å
°Ã^Ö×
¦
ÃÅÖ
¼
¹
fDAFEHXF*KML_[GDAcedCF
S
¨V@WZâ^V
S
F
S
L_F
S
s2ª¨
RCSCT
sªª0ÚJF*KXDL_ãIF
S¯T
DAFu@[AF*DAcedCFä
S
LXFIu@HXY.[
À
V@HMWå0DAF
T
DGFÚ^FIHXF*DGLXK
FIHMHXF*ced
S
F*LXF
S
¨V.WZâ^V
S
F
S
LXF
S
s2¨|ª
RCST
s¨	¨ŁÛÁfDGFÅÏ#aV@K
RS
u
T
FIHa
R
ÚHXDAu.u@FIÚC[GDAF*ÚJF
S
F
S
¨V@WwâJV
S
F
S
L_F
S
FIHMdaY.[L0WY
STCR
HXcedj/FIHMW
R
L_Y]L_DGV
ST
FIH
æ#Y.HMD<Y.ÚC[GF
S
°SÆe±Æe²
®
V
S
s¨|ª
RSCT
s¨	¨Łh
s2ª¨r°SÆe±Æe²RÆeXÃ:ÆetÅÆ_
°
 ¤ s2¨|ª5 ²RÆe±fÆX° Æe
°
Æ_YÅÉÆeXÃ
s2ªª5r°SÆe±Æe²RÆeXÃ:ÆetÅÆ_
°
 ¤ s2¨	¨, ²RÆe±fÆX° Æ_
°
ÆetÅÆeXÃ|¹
 ÜÝcIdfehgijcIkTdmlRdTcbÝZn)oBkRdqprltsDueÁÜ2p_dfu v
	7x
£ç y
z9?



}è

zü~P

z¶

}

Z

}

~èé

z
b
}~r~@#¶ê

z|{f}@z

~
ä
S,T
DAF*KXFIW EÚCKXced
S
DGLMLjFIH
T
F
SÈT
DAF+>LXHXF
RÀ
FI[
T
FIHI
T
DGFëD
ST
F
S
ævFIH
À
Y.dCHXF
S
äe
äMäe0äXäXäZdCFIHMu@FI[GFIDL_F*L

R
H
T
F
S
Y
RÀ
DAdHXF
a
ffiEÚ^FIHMFID
S
KMLXDAWwW
RCS
u
RCS
L_F*HXK
R
cedŁLxÛEìa
R
H
T
DAFëffi
S
L_FIHMK
R
ced
RCS
u·
R
H
T
FFID
S
ævV@[
R
ø
WwF
S
F*[AFIWwF
S
LWwDGL¯F*D
S
F*Hj¨Y
S
LXF
S
[%aY
S
u@F
®
V
S
v=½
S
W
RCSCT
FID
S
FIHj+4aY]LML_DGu
RCS
u@KMWY]u
S
F*LXDAKMDAFIH
RCS
u
®
V
S
­í
¤ v:-½½Jî_ï
ð
£ñDAKXF
S
Y
S
u@F
S
V.WZWwF
S
ÛòF*D
T
F*H+DGW
R
[<Y¹L_DAV
S

R
H
T
F
S,óR
F*[A[GF
RCSCT
QDGFI[0D
S
FIDEø
S
F*Ht
SÀ
Y
S
u@K
T
DGKML_Y
S
ã
®
V
S§T
¤½
S
Wôu@FIKMF*LXã*L
RCSCT
DGWõUEY.ced
À
V@[Gu@F
ST
F
S

R
H
T
F
T
Y.KYQDGFI[D
S
F*D
S
F*H
+cedCHMDGLMLF*DGL_F
®
V
S
v
S
W
T
FIH
óR
FI[A[GF¾Y
S
u@F
S
aY.dCF*HMLxÛJfDAF
T
Y.Ú^FIDbFIHMWZDLXLXFI[GLXF
S
ùtª ø¨V@WwâJV
S
F
S
L_F
S­T
F*H
ævFIH
À
Y.dCHMF
S
ä»øäXäMä½KMD
SCT
D
S
fD<Y]u@H_Y.WwW ÛÛ$vY
RÀ
u.F*L_HXY.u@F
S
ÛvfY.KÍævFIH
À
Y.dCHXF
S
äe
T
DAFâ
RCS
\ŁL
À
aV@HXWwDAu@F
òF©L_H_Y]cedL
RCS
u
T
F*HfDAâ^V@[GF.DAKL
SR
H
À
a
R
Hu@HMV@@FÅfDGKML_Y
S
ãIF
S
u@F*FIDAu
S
F*LI^ºaY.dHXF
STëÀ
a
R
H\[AF*D
S
F½fDAKML_Y
S
ø
ãIF
S
ùtª	u@F*u@F
SRS
F
SCT
[ADAcedu@FIdŁLxÛfDAF
ævF*H
À
Y.dCHMF
S
äMä
RCSCT
äXäXäi[ADAF
À
FIH
ST
Y.u.FIu@F
S
Ú^FID
T
¤½
S
WöF
SCT
[ADAcedF
¾»FIHMLXF.ÛifFIHºffi
S
L_F*HXKXcedDAF
T
[GDAFIu]LºdDAFIHMÚJF*DD
S!T
F*W
a
ffiÚJF*HXuŁY
S
u
®
V.W 
R
@F
S
Ú^FIHMFIDAced¦D
S!T
F
S
ä
SCS
F
S
ø
Ú^FIHXF*DAced4
RSCTëT
Y.ÚJF*DAW÷ævFIH
À
Y.dCHXF
S
äMä
T
Y.K2QDAF*[iâ
RCS
\L
À
aV@HXWwDAuY
S
u@F
S
V@WZWwF
S
0DGH
TëRCSCT
KMDAcedDAW
jDLXL_F*[Aâ
RS
\ŁL
T
FIKRQDGFI[
®
V@[
R
WZF
S
KÚ^F*ø
ST
F*LIºaY.dCHMF
SCT
ÚJF*DAWöævFIH
À
Y.dCHXF
S
äXäXä
T
Y.K_QDGFI[^FID
S
F
SCT
[GDAcedCF*K
ævV@[
R
WZF
S
ÚJF*KXDGLXã*LIÛDAF*HXÚ^FID4
R
H
T
FÅfDAY.u@H_Y]WZWflÛÛ$v¾D
ST
DGF½òFIHXF*DAcedCF2
RCSCT
ò
RCS
L_F*HMLXFIDA[LxÛgñD
S
F
u@HXY.âCdCDGKXcedCFævFIHXY
S
KMcedY
R
[GDAced
RCS
u
T
FIKòF*HXFIDGcedCFIK_}DAKL0D
S
ÚCÚDA[
TRCS
u/ÛÛ
T
Y.HXu@F*KMLXFI[A[Lxh
ä
S
ævF*H
À
Y.dHXF
S
äXäMäÄÚJF*H]a
R
dHXF
S
KXDAcedY.ÚwFID
S
FIHfDAKML_Y
S
ã
®
V
ST
¤Xv=½
S
W
T
DAF0Ú^FID
T
F
S
ævV.[
R
WwF
S
F*[AF*WZF
S
LXF.
Y.K#Y.[AKB¾»F
SCT
FIâ
RCS
\LD
S
fDAY.u@H_Y]WZWqÛÛEv
ã
R
KXFIdF
S
DGKMLIÛŁòFID
Tù
vK½
S
WúLXHXDLXLF*D
S
F
\]V
S
L_D
SR
DGFIHM[ADAcedF
0DAcedŁL
RCS
u@K
a
Y
ST
FIH
RCS
u
T
FIH_ùtª ø¨V@WwâJV
S
F
S
L_FY
RÀ
Û
ä
S
ævFIH
À
Y.dCHXF
S
äXä
R
H
T
F
T
DGF0fDAKLeY
S
ã*WZF*KXK
RCS
u
®
V@W jDGLML_F*[Aâ
RCS
\L
T
FIKb¾
a
R
H
À
F*[AKY
S
u@F
S
V@WZWwF
S
Û@òF*D
T
F*HfDGKML_Y
S
ã
®
V
SZT
¤tvK½
S
WfiDGKML
T
F*Hv/
RS
\ŁLmw
S
W
®
V.WåEY
SCTZT
FIH
óR
FI[G[AF
F
S
L
À
FIH
S
LI@	Y]KDGWûòF*HXF*DAced

T
FIKfD<Y.u.H_Y.WwWZF*KfÛÛEvY.[GKf
S
KL_DAF*u
T
FIHìgF*[
T
KL:aY.HM\.Fã
R
KXFIdF
S
DGKMLxÛòFIH]a
R
dCHML
T
Y.K#â
RCS
\ŁL
À
aV@HXWwDAu@F
QDAF*[
T
F
S
Y
SCT

T
¤w
S
W¥ÇDAKML~F*D
S
FKMâCH
RCS
uŁY.HMLXDAu@F
a

SCT
F*H
RCS
u
T
FIHZìFI[
T
KML'aY.HX\]Fã
R
Ú^FIV.ÚY.cedŁL_F
S
Û
fDAF*KXF*KævFIHMdY.[GLXF
S
DGKMLY
RÀvT
DGFÅY.HMc*LeY
S
øì
RCS
\ŁLXDAV
S
¿ü[
S
ÛÛ¼Ł-
ã
R
H]a
R
ce\ã
RÀ
a
R
dHXF
S

T
DAF½D
S­T
F*HUÅaY.dF
T
F*KY
SCT
Ú^FIHMFIDGcedCFIK0KXD
S
u
R
[%aY.H0DGH
T
Û
fDAF½ffi
S
L_F*HXKMcedCDAF
T
F
T
FIHEævFIH
À
Y]dCHXF
S
ä»ø%äXäMä
À
a
R
HfDGKMLeY
S
ãIF
S­®
V
SýT4þ¾ß
½
S
W KXD
SCT
Y
R
K
T
FIW òFIHMFIDGcedÀ
T
F*KEfDAY.u@HXY.WZWwFIKPÛÛ
ßT
F
R
L_[GDAced¯ã
R
F
S
L
S
FIdWZF
S
Û^fFIH0òF*HXFIDGcedò D
S
fDAY.u@HXY.WZW >ÛÛ
ß
dCD
S
u@FIu@F
S
Ú^FIãIDGFIdŁLKMDAcedÍY
RÀgT
DAFÚJF
S
Y.cedÚY.HL_F
S
+âD
S
KV
T
F*Hv+cedCDGcedŁL_F
S
ÛŁfDAFffi
S
L_F*HXKMcedCDAF
T
F
T
FIH
®
FIHMKXcedCDGF
T
F
S
F
S
òF*HXFIced
S>RS
u@K
®
FIH
À
Y.dCHXF
S
KMD
SCT
Y
R
K
T
DAF*KXF*W÷òFIHMFIDAced
S
DAcedŁL
T
F
R
LX[ADGcedjã
R
F
S
L
S
FIdCWwF
S
ÛñKE0DGH
TT
FIKø
dY.[GÚ
T
DGFâCHMV@ãIF
S
L
R
Y.[GFTÚŁFIDGced
RS
u

Y
T
F*HævFIH
À
Y.dCHMF
S
ä
RCSCT
äMäã
R
ævFIH
À
Y.dCHMF
S
äXäMäÚJF*HXF*ced
S
F*LIÛ
fDAF#òF*u@H]a
RSCTCRCS
u
T
Y]
T
Y]KbævF*H
À
Y.dCHMF
S
äMäXäÁY][AKbF
À
FIHMF
S
ãã
R½T
F
S
ævF*H
À
Y.dCHMF
S
ä
RCSCT
äXä4Ú^F
SR
LXã*Li0DGH
T

[ADGFIu.L
T
Y.HMD
S

T
Y.½DAW +DAW
R
[<Y]LXDAV
S
KXWwV
T
F*[A[
óR
FI[A[GF
RCST
QDAFI[^FID
S
F
ST
[ADGcedCFIKævV.[
R
WwF
S
ÚJF*ãIDGLXãIF
S¯RCSCT
KXV.WZDL
T
F*HÍâCdKMDA\¹Y.[GDAKXcedF
S
òFIKMcedCHXF*DAÚ
RS
u»F*D
S
F*Hw+>L_H
R
\ŁL
R
H
S
a
Y.dCFIHÍ\]V@WwW½LxÛifDAFIK½u@DA[L½Ú^FIKMV
SCT
F*HXK
À
a
R
H
T
F
S
+>L_HMF
RÀ
F*[
T
F*D
S
`
R

T
FIH
S
a
Y.cedCKL_F
S
UY.cedÚY.H
S
ÛJfDAF½ü[GFIDAced
RCS
uC
S
Y.ced
T
F*H
T
DGFEÚŁF*DAced
RCS
u
Ú^FIHXF*ced
S
F©LE
R
H
T
F.gDGKMLxh

¤
ù
ª

©
	
¦èù
ª



ù
ª
	
 
ß
½½^¹ »Û
EDGFIHMÚJF*D
T
F
R
L_F
ST
DGFÅä
SCT
DGãIFIKäe4äMäe4äXäMäY
RÀ#T
DAFÅævF*H
À
Y.dCHMF
S
ä»øäMäXäY
S
Û4ñvKDGKML[GFIDAcedŁLD
S
fD<Y.u@HXY.WwW
ÛÛºã
R
F*HX\.F
SCS
F
S

T
Y.
T
DAFâ
RCS
\ŁL
À
a
V@HMWZDGu@FEòF*LXH_Y.cedŁL
RS
u
T
FIH
fDGâJV.[AF0FIHMKML0Y.ÚFID
S
FIH
fDGKMLeY
S
ã
®
V
S
T
¼½
S
W D
S¯T
F
S
0FIced
S>RS
u@F
S
Y
S
F
SCT
ÚY]HDGKMLI
a
Y.dCHMF
SCT
ævFIH
À
Y.dCHMF
S
äXäY
R
ced
À
a
R
H
T
DGF+>LXHXF
RÀ
FI[
T
ø
Ú^FIHXF*ced
SRCS
u
T
F*H
S
aY.cedCKL_F
S
UEY.cedÚY.H
S
Y
S
F
SCT
ÚY.HDGKMLIÛJfDGFºWZY¹DAWZY.[GF2EÚŁF*DAced
RCS
uÚ^FID
T
DAF*KXFIW
òF*HXFIced
S>RS
u@K
®
FIH
À
Y.dCHXF
S
[GDAF*u.LÚJF*DcIYÛ¼¯Û^ñD
S
FID
SÀ
Y.cedCFIHEìFI[
T
[AD
S
DAF
S®
FIHM[<Y
RÀ
FID
S
FIKEFID
S
ãIF*[
S
F
S
fDEø
â^V@[AK*F*[AcedCF*HEWwDGL0ü[GFIDAced
RCS
u/ÛwÚ^FIHMFIced
S
F*L
R
H
T
F]^DGKML0D
S
ÚCÚCDG[
TCRS
u[ÛÛ
T
Y.HMu@FIKL_F*[A[GLIÛ
 ÜÝfffiflffi !ffibÝ	"#$fl!&%')(+*,ÁÜ-%.* 
-25 -20 -15 -10 -5 0 5 10 15 20 25
d [nm]
-1
0
1
2
3
4
H  [T]
I
II
III
A Bµ0 z
µ Ms0
/
Í10
Ñ32
0
 Ò%Ó$Ô)Ó³Õ÷ ÉÝGéµïÛÝGØ»õ	öÇÞ'ÝGé[ùtª=ó4tÚ;ßTÙ9Ú;åÝGå9ãÝGåíñäòÀÞ'ÝGå&5PÛÝGØ»õ	ö'ä'å'ï'ÝGå76'ë98:¹&;6'ë98=<¿ä'åÉÞ
6'ë?>@6'ë_ÖØ»ÝþéBAÚ;ßtØò=õ	ö9ÝGåüç:Ø C@ÝGé|åEDe&ffiDFDe&ffiDGDFD ÝGå9ãàò"ÙÉéFÝ	õ	ö9ÝGåíÞ'ÝGå´ ÉÝGéàÜñ;ö'é	ÝGåED|ó1DGDFDë'H?ØàåÝUïé ñGÙ9ö'Øò=õ	ö9Ý
 ÉÝGé ñåò=õ	öñäÛîØ»õ	ö'ä'å'ï^Þ'Ý	ò-I@ÝGéFÝGØ»õ	ö9Ý	òTô ØòGãPØàåSôð=ðØàÛEÞäå'ïJ6'ë1<ë?>ŁÞñéµï'Ý	òGãÝGÛàÛîã»ëHò½(bä'éÞ'ÝtÞØ»Ý-KffiAñãµã³Øàó
ïä'å'ï;òGß/ñ=ïåÝGãµØòGØ»ÝGé|ä'å'ïMLÚ;å
­í
¤
ß
-½½
î_ï
ð
"H?Øò=ÝGå.$\äåÉÞ ÝGØàå  ÉÚ;ÛîäßUÝGåNLÚ;å}"
:PO!:PO!:POe$;å9ß
±
ï'Ý©(QAñ;ö'Ûîã»ë%ÖXÝGéffiKÙÉé|ä'å'ï/Øàå· ÉÝGéÜñ;ö'éFÝGåJDGDe&JØàåÀÞ'ÝGß
A
RJðGÝGéµïñå'ïSLÚ;ß ôTäUTfÝGåÉðGÝGéFÝGØ»õ	ö^Øàå Þ'ÝGåVD|å9åÝGåÉðGÝGó
éFÝGØ»õ	öŁ&?ðGÝGã³éBAñ=ïãWBXY
­»íZ
¹
ß
¼\[ë
]B]
]B]
]B]
^ ^
^ ^
^ ^ _B_
_B_
_B_
`B`
`B`
` ` aBaBa
aBaBa
aBaBa
bBb
bBb
b b
cBcBcBcBcBcBc
cBcBcBcBcBcBc
cBcBcBcBcBcBc
cBcBcBcBcBcBc
cBcBcBcBcBcBc
cBcBcBcBcBcBc
d d d d d d d
d d d d d d d
d d d d d d d
d d d d d d d
d d d d d d d
d d d d d d d
eBeBeBeBeBeBe
eBeBeBeBeBeBe
eBeBeBeBeBeBe
eBeBeBeBeBeBe
eBeBeBeBeBeBe
eBeBeBeBeBeBe
f f f f f f f
f f f f f f f
f f f f f f f
f f f f f f f
f f f f f f f
f f f f f f f
gBgBgBgBgBg
gBgBgBgBgBg
gBgBgBgBgBg
gBgBgBgBgBg
gBgBgBgBgBg
gBgBgBgBgBg
h h h h h h
h h h h h h
h h h h h h
h h h h h h
h h h h h h
h h h h h h
Verfahren I
Verfahren III
Verfahren II
d=10nm d=5nm d=0nm
Ë¥ÌDÌJÍ³ÎµÏDÐ
ÞDÑjÒ%Ó$Ô)Ójik5RÝ	Ú;ßUÝGãµé|Øò=õ	ö9ÝÍ ÉÝGé ñåò=õ	öñäÛîØ»õ	ö'ä'å'ïÞ'Ý	òlI@ÝGéFÝGØ»õ	ö9Ý	òfô ñäòWÖØ³ñ=ïé ñßtßm6'ë1<ën:ë
I@ÝGØàß  ÉÝGéàÜñ;ö'éFÝGåMDGDFDUðGÝGéAä,ö'éFÝGå¿òGØ»õ	ö¿ðGÝGØ³Þ'Ý! ÉÚ;Ûîä'ßUÝGåÝGÛîßUÝGå9ãÝ[ðGÝGØ@ÝGØàåÝGéXÖØòGã»ñå'êoLÚ;å ÞPpffi:PO;å9ß½&
(ñ;òTðGÝGØàßqÖØ³ñ=ïé ñßtßâñÛòrqrØ»õ	ö'ãµä'å'ï;ò
A
ñåÉÞ'ÝGé|äå'ï2ØàåþÞ'ÝGé sDÝGÛEÞ;òGã
A
ñé	æÝêäYò=Ý	ö9ÝGå¥ØòGã»ëtI@ÝGØàß ÉÝGéàÜñ;ö'éFÝGå
DGD½(bØàé Þ¥ö'Øàå'ï'Ý»ï'ÝGå¿ÞØ»ÝÖØòGã»ñå'êßUÝ	ò	òGäå'ïJLÚ;ß áSØàã³ãÝGÛ ÙÉä'åæ;ã_Þ'Ý	òMu
A
äéàÜKÝGÛòYñå'ï'ÝGåÚ;ßtßUÝGåÉëvH?éFòGã_ñð
ÝGØàåÝGémÖØòGã7ñå'êffiLÚ;åOÞPpffiwå9ßå(bØàé ÞYÞ'ÝGé'qPñåÉÞtÞ'Ý	òJuxAäéàÜKÝGÛòðGÝGéyAäö'é|ãr&(ñ;òròGØ»õ	öUñÛò.KÙÉé|äå'ïYðGÝGßUÝGéFæ;ó
ð	ñé^ß/ñ'õ	ö'ã»ë.I@ÝGØàß  ÉÝGéàÜñ;ö'éFÝGåD^ØòGãXÞ'ÝGé[ôTåòGã³Ø»Ý»ïjÞ'ÝGéosIÝGÛEÞ;òGãAñéFæÝ¥æÚ;å9ã³Øàå9äØ»ÝGé|ÛîØ»õ	öèä'åÉÞÀï'Ý	ö'ãfÜAäé
[GDAW
z	{
Y
ùtª}|
;
Rï'Ý»ï'ÝGå ä'åÝGåÉÞÛîØ»õ	ö"~5PÛîåÉë6'ë98:©$ë
 ÜÝfffiflffi !ffibÝ	"#$fl!&%')(+*,ÁÜ-%.* ¼
10 15 20 25 30 35 40 45 50 55 60
d [nm]
0
3
6
9
12
15
18ε  (%)
I
II
p
/
Í10
Ñ32
0
 Ò%Ó$Ô)Ó$Òm?é	Úê;ÝGå9ã³äñÛÝ,sIÝ	ö'ÛÝGé ñðI(WÝGØ»õ	ö'ä'å'ï[Þ'ÝGéj ÉÝGéàÜñ;ö'éFÝGåDw"~5PÛîåÉëv6'ë98:©$täåÉÞ)DFD
"~5PÛîåÉëv6'ë98=<e$YØàß  ÉÝGéµïÛÝGØ»õ	ö[êä¡ ÉÝGéàÜñ;ö'éFÝGåDGDFDw"~5PÛîåÉë6'ë?>@6I$ë
Z
Ë¥ÌDÌJÍ³ÎµÏDÐ
ÞDÑjÒ%Ó$Ô)ÓmsIÝGÛEÞÛîØàå9Ø»ÝGå@LÝGé|ÛEñä|Ü2ÝGØàåÝ	òÝGØàå'ê;ÝGÛîåÝGåOÖØÙ9Ú;Ûòë
 ÜÝfffiflffi !ffibÝ	"#$fl!&%')(+*,ÁÜ-%.* \
Y
R
âL_âHXV@ÚC[GFIW ÚJF*D
T
FIH0ñHMWZDLXL_[
RCS
u
T
FIH0fDAâ^V@[
À
FI[
T
FIH#DAKML
T
FIH
F
S
V@HXWwF2QFIDLeY
RÀ
	Y
ST

T
F*H
À
a
R
H
T
F|ø
HXF
S
òF*HXFIced
S>RS
u
S
V.LF
SCT
DGuDAKLxÛ¹òFIDFID
S
FIHiüDLXLXFIHXu.H'aV@@Fs s ÚJF©L_H'aY]u.L
T
F*HJ
RÀ
	Y
SCT
s
¶
À
a
R
H
T
DGF

RÀ
K
R
WwWZDGFIH
RCS
u a
R
Ú^FIH	Y.[A[GFE/
RCS
\LXF
RCSCT
@s
À
a
R
H
T
DGF
R
[L_DAâ[ADA\¹Y]LXDAV
S
F
S~RCSCTVETCT
DGLXDAV
S
F
S
Û+V@WwDGL
DAKL
T
DGF/ H
TCRCS
u
T
F*K
RÀ
Y
SCT
F*KIhŁo| s!ås
¶
Ä@s
Z
s
¶
|
À
a
R
HdCD
S
HMFIDGcedCF
SCT
u@HMV@@F~s©ÛÁñD
S
F
F
S
V@HXWwFtQF*DGL_HMF
TCR
\LXDAV
S
ÚJF*D
T
F*HòF*HXF*ced
SRCS
u
T
FIHfDAâ^V@[
À
F*[
T
F*H	0DAH
TRCS
L_FIHòF
SR
LXã
RCS
u
T
F*HìgY.KL
ìV
R
HMDAFIHL_HXY
S
K
À
V.HXWZY]L_DGV
S
|£ìÄìi|.
RCST¼T
FIKwìgY.[GL
RCS
u.LXdCFIV@HMFIWwKÅFIHMW­aV.u@[ADGcedLIKMV
T
Y.
T
FIH
ERÀ
Y
SCT
Y
RÀ
J|£s,[GV@u
¶
s Ä@sèHMF
TCR
ã*DAF*HML00DAH
T
Û
ñD
S
Fu@F
S
Y
R
FIHMFòFIKMcedCHXF*DAÚ
RCS
u
T
FIKÅævFIH
À
Y.dCHMF
S
K
RSCT§T
DAF
S
F
SCTCRCS
uY
RÀET
DAFfDGâJV.[
À
FI[
T
FIHø
S
ø
T
F©LKMDAced·D
S
ÚCKXced
S
DGLXLVÛ¼ÛlÚŁV@dC[
T
DAFfDGâJV@[G\.V@ââC[
RCS
uD
S
ævF*HXu@[GFIDGced¡ã
R
H
À
F*HXHXV.WY.u.F*L_DGKXcedCF
S
¨V@âCâC[
RCS
u¾KXF*dCH\[AF*D
S
DAKLxŁDAKL#KXDAF
À
a
R
H
T
DAFfV@WaY
S
F
S
ÚCDA[
TCRCS
uQ|

ÚCÚ4Û=ÛÛÄD
SCS
F*HXdY][AÚwFID
S
FIH/vHMV@Ú^F
®
F*H_Y
S
LV@HMLX[ADGced4ÛŁä
S
Y
À
øu@F*\.V@âCâ^FI[L_F
S
+cedCDAcedŁLXF
S
dD
S
u@F*u@F
S
.0DAF
F*K#D
SÍT
F
S
+DGW
R
[<Y¹L_DAV
S
KXF*HXu@F*Ú
S
DAKMKXF
S
| Y]Ú+JÛC¬.¬#u@F*ãIF*DAu.L	0DGH
T

®
F*HXKL:aY.HM\L
T
DAFfDGâJV.[A\.V.âCâC[
RS
u
T
DGFY
À
ø¨V@âCâC[
RCS
uCKXV
T
Y.ÅÚ^FID\[GFID
S
FIHXF
S
+>LXH
R
\ŁL
R
HXu@HxaV@@F
S
F*D
S­®
FIHXã@aV@u@F*HML_F*K¾+cedY.[L_F
S
D
S­T
F
S
+4aY]LXLXDAu
RS
u@KXÚ^FIHMFIDGced
RCSCT
F*D
SÀ
H]a
R
dCFIHMFIK~a
R
ce\ø
KXcedCY.[GLXF
S
D
ST
F
S
Y
S
L_DGâY.HXY.[A[GFI[AF
S
Q
R
KLeY
SCT
dCF*H
®
V.HXu@F*H
RÀ
F
S
0DAH
T
Û
Ë¥ÌDÌJÍ³ÎµÏDÐ
ÞDÑjÒ%Ó$Ô)Ó$ÔmH?ØàåÝYßAÚïÛîØ»õ	ö9ÝÖXÚ;ßEAñåÝGåòGã³é|ä,æ;ã³ä'étØàå ÝGØàåÝGß ß/ñ=ïåÝGã³Øò=õ	ö9ÝGåMH?ÛÝGßUÝGå9ãÂ&_ÞØ»Ý
ñä|Ü ïéGä'åÉÞUÞ'ÝGé_ÖØÙ9Ú;ÛæÚ	ÙÙÉÛîäå'ï"H?å9ãµß/ñ=ï'ÝGå9ã³ØòGØ»ÝGé|äå'ï;òÜKÝGÛEÞ©$YÝGé ê;ÝGäïã#(bØàé Þ" ÝGå9ãµåÚ;ßtßUÝGåSñä,ò'8:	%$ë
 ÜÝfffiflffi !ffibÝ	"#$fl!&%')(+*,ÁÜ-%.* 
VU v,;$ ¡£¢¥¤¦£,§©¨¥,¢
UY]ced
T
FIW
T
DGFìgF*[
T
\]V@WwâJV
S
F
S
L_F
S
D
S¼T
F
S¢®
V.HXdCF*HXu@F*uŁY
S
u@F
S
F
S
ÚCKXced
S
DGLML_F
S
a
R
ÚJF*H
T
DAFF
S
L_KMâCHXF|ø
cedCF
SCT
F
S
ñ
S
FIHMu@DAF©L_FIHMWZF~dCF*HXu@F*[AF*DGL_F©L
R
H
T
F
S
40DGH
T
DAW F*DGL_F*HXF
S
ævF*HX[<Y
RÀT
FIH
RÀ
ÚCY
R»T
FIKºüDL ø
L_F*HXWwV
T
FI[A[GKFIHX[%aY
R
LXFIHMLIÛbfDAF+âCD
S
K½FIHMdY.[L_F
SÎ
F
S
Y.ced!/vHMV@ÚC[GFIWwKML_F*[A[
RCS
uã
RCS
aY]cedCKML~ã
RÀ
aY.[A[GDAu@FÍV
T
F*H
À
FIKL_u@F*[AF*u.L_FDGcedL
RCS
u@F
S
ÛfFIKMFIDL_F*HXF
S
0DGH
TÀ
F*KMLXu@FI[GFIu.LIV@Ú
T
DAFEY
SCT
Ú^F
T
D
S
u
RCS
u.F
S
â^FIHMDAV
T
DAKMced
V
T
FIH¾V«ªJF
S
KMD
SCT
|
S
aY.cedKML_F*HÍUY]ced>ÚCY.H
À
F*dC[GL~©Ûbf
R
HXcedFID
S
FZDL_FIHXY]L_D
®
FZ/HXV@ã*F
TCR
H¾0DAH
TT
Y
S
Y.ced!FID
S
ñ
S
FIHMu@DAF*WZD
S
DAW
R
W
T
FIKÍ+>âCD
S
K	>KML_F*WZK¾FIHMHXF*DAcedŁLxÛfY.KDGLXFIH_Y¹L_D
®
FÅævFIH
À
Y.dCHXF
S
Ú^F
SR
LXã*L
T
DAFQjF*LXdCV
T
F
T
F*K[GV@\¹Y.[AF
S
ìF*[
T
F*KI
R
W
T
Y.KvjD
S
DAW
R
WÓã
R
FIHMHXFIDGcedCF
S
Û]fY]KÚ^F
T
F
R
L_F©Lx
T
Y.EKXDGcedºF*D
S
+âCD
S­¬Q
Y.W®HL
|1¯ Æ±°Æ³²´
D
ST
DGF½0DAcedŁL
RS
u
T
F*KE[GV@\¹Y.[AF
S
ìF*[
T
F*K
T
HMFIdŁLxFI[GcedCFIKY
ST
DGFIKXF*WµHLFIHXã*F
R
u]L0DAH
T
ÛgòF*D
T
DGFIKXF*H.jF*LXdCV
T
FKXF©L_ã*LKMDAced
T
Y.K
[GV@\¹Y.[AFEìFI[
T¶¬
ù¸·¹
î
{
º
É
º
î
| ü[
S
Û@Û»Y
R
K
T
F*W aY
R
.FIHXF
S
ìgF*[
T
ù)¼N
°

T
F*H
+
R
WwWwF
T
FIHKXF*cedCK
S
aY]cedCKMLXF
S
UEY.cedÚY.H
S
ù
¼½³¾
{
¿
ý
º
É ¿
ý
º
î
¿
ý
T
FIW
S
DAKXV]L_HXV.âCDAF
À
FI[
T
Y]WkHML
¬
ùÀ
{
º
É
º
î

T
FIW
fDAâ^V@[ øV
T
FIH+>LXHXF
RÀ
FI[
TÁ¬
ù
?
{
º
É
º
î
T
FIHEY
ST
DAF*KXF*W¶HL
®
V
SjT
F
S
Ú^F
S
Y.cedÚY]HML_F
S
+cedCDGcedŁL_F
SjRCSCT
+âCD
S
K
FIHMãIF
R
u.L	0DGH
T
Û>ìEa
R
H
T
F
S
ì^Y][A[¿
T
Y.ÅF*KKXDGced
R
WöFID
S
Y
À
ø%u@FI\]V@âCâ^FI[GLXFIK	+cedCDAcedŁLXKF>KMLXFIWOdY
SCT
FI[L,|

ÚCÚÛ
Ûk«Û
ß
+JÛ+«©0DGH
TT
FIH[AD
S
FxY]HXF|
¬
ù ·
{
º
É
º
î

RSCT
Y.dC[F*DAKMFZY
R
ced
T
F*HÂ
R
Y
T
H_Y¹L_DAKMcedCF¸|
¬
ùÃ
{
º
É
º
î
|bFIHXW
T
F*H0Y
À
ø¨V@âCâ[
RCS
uÍWwDGLXFID
S
Ú^FIã*V@u@F
S
F
SCST
F*H+>âCD
SÄ¬Q
Y.WÅHML;|Æ¯Æ±°Æ~²´WZDL
T
F*H_QJ0DAKMcedCF
S
KMcedCDAcedŁL
Y
S
u.HXF
S
ã*LxÛJìgY.[A[GK
FID
S
/D
S
dCV@[AF
®
V@HXdY
SCT
F
S
DGKMLIC0DAH
TjT
FIHÚ^F
S
Y.cedÚY]HML_FÍ+âCD
SÀ
FIHMHXV@WZY.u
S
F©L_DGKXcedÚJF|ø
dY
ST
FI[LxÛ)¾DAH
TëT
DAF~|bFIWwâJF*H_Y]L
R
HWZDL_FID
S
ÚJF*ãIV@u@F
S
4W
R
ã
R
K'aY¹L_ãI[GDAcedWZDL
T
F*HÅ+âD
S
Y.WwâC[GDGL
RT
F
QÇ
W
R
[L_DGâC[ADGãIDAF*HMLvFIH
T
F
S

T
DAFKMDAced¼a
R
Ú^FIH
T
DAFòHXDA[G[AV
R
D
SÀrRCS
\LXDAV
S
D
S
ü[AFIDGced
RCS
uQÛ»-½FIHMWZDLXL_F*[
S
[%aY..LxÛ
¬
ù
·»¹
î
{
º
É
º
î
 ùS¼ŁN
°
Ä
z
È
º Éº
¾1Ê
¿
ý
QÇ=ËÌ}ÍGÎ ÏÌ}ÐÆÎ ÑÌ}Òr¬
ù
¼1½³¾
{
Ó
È
º
É
Ó
Éº
î
Ó
¾
Ä
QÇ=ËÌ}ÍFÎ ÏÌ}ÐÆÎ ÑÌ}Òr¬
ù
·
{
Ó
È
º
É
Ó
Éº
î
Ó
¾
Ä
QÇ
ËjÎ ÏÎ Ñ
Q
¶
Ç
Ë?ÌÔÍGÎ ÏÌÕÐnÎ ÑÌÔÒ
¬
ùÃ
{
Ó
È
º
É
Ó
Éº
î
Ó
¾
Ä
QÇ
ËjÎ ÏÎ Ñ
¬
ù
À
{
º
É
º
î
Ä
¬
ù
?
{
º
É
º
î
¹ |Û»
fY.Ú^FID4DGKML¯N
°
T
FIHñD
S
dCFIDL_K
®
FI\ŁL_V.HEF
S
LX[<Y
S
u
T
FIHRQÉø

cedCKXF]
QÇ

QÖ
|ÃtTÆ×Ã
¥PXYFX
ÇQ
8
¬
ù
·»¹
î
{
º
É
º
î
8
²
Ç
[
¹
²
Ç
DGKML
T
DAFvòV@[L_ã*WY
SS
\.V
S
KMLeY
S
LXF.×XBY
T
DAFÄWZY.u
S
F©L_DGKXcedCFv/bFIHXWwFxY]ÚCDA[GDGL:aY¹L_KX\]V
S
KLeY
S
L_F]X
Ç~T
Y.KòV@dCHI)ÆKXcedF
Y.u
S
F*LXV
SjRSCT
òØ|Â´
T
DAFòHMDA[G[AV
R
D
SÀrRCS
\ŁLXDAV
SÙ
«Ú 
Ù
¼ÕÚ h
Ö
|àÃtÛ

Q
Ä
ß

Q
cIV.LXdO¬
|
Q
Ä
ß
Ã

Q
²ÝÜ
ß

Q
cIV.LXd
Õ
Ã

Q
×
¹ |Û»-
fFIH

ÚCÚCH
R
ced,FIH
À
V.[Au.LI#F
SCST
DGF
TCR
HMcedCKXced
S
DGLML_[ADGcedCFÀ¾D
S
\]FI[%aY
SCT
F*H
RCS
u ´µa
R
ÚJF*H
T
DAFu@FIKXY.W½L_F
S
+cedCDGcedŁL_F
S
8
´
y
¼Þ
Ü
´
È
·àß
8
ù

DAKLxÛffi¾»V@ÚJF*D
ß
½
qPá
þ

þ ß
½
qPâ
RCST
´M
ß
P
{
P
É
P
î
ãä
y
Ë
z:{
y
Ï
z
É
y
Ñ
z
î
´
{
º
É
º
î~åæ
Æ ´
{
º
É
º
î
ÓY]HXc*L_Y
S
|³ù
·¹
î
{
º
É
º
î

KMD
SCT
Û
fY.K
S
V.HXWwDAFIHL_FWZY.u
S
F©L_DGKXcedCF-jV.WZF
S
LDGKML0u@F*u@FIÚ^F
STCR
HMced4h
­
y

ß
P
{
P
É
P
î
ã
ä
y
Ë
z'{
y
Ï
z
É
y
Ñ
z
î
c*V@K}|³´
{
º
É
º
î

å
æ
Æ
V@ÚJF*D
P
{
Æ
P
É
Æ
P
î
T
DAF
S
ãIY.dC[
T
F*HEüDLXL_F*HXã*FI[A[GF
S
D
S¯T
FIH'¯
Ü
Æl°
Ü
Æffi²
Ü
0DAcedŁL
RCS
uwKXD
ST
Û
 ÜÝfffiflffi !ffibÝ	"#$fl!&%')(+*,ÁÜ-%.* «
V~ç èêé×éëS,ì Ø ×¢ íî ëS,¢¥¤$ïl¨ð§«v,¢ ñ,¤µò ¡ñ,é×é¤
fY.KwF
S
L0DAce\]FI[L_F­DL_FIHXY]L_D
®
F¯ævFIH
À
Y.dCHMF
S
ÚY]KXDAF*HMLY
RÀT
FIW FID
SÀ
Y.cedCF
S
jV
T
FI[G[
®
V
S
ì
R
[Gu@d
R
W
Ù
«Ú¿Û
ä
ST
F
S
+>DAW
R
[AY]L_DGV
S
KMFIHXu.FIÚ
S
DGKXKMF
S
D
S
¨Y.âCDL_FI[
R
H
T
F
S
Y
SÀ
aY
S
u.[ADAced
R
WèFID
S
F
S
ñD
S
ÚC[GDAce\­D
S»T
Y]K
DGLXFIHXY]L_D
®
FÍævFIH
À
Y.dCHXF
S
ã
R
FIHMdY.[L_F
S
bF*D
S
DGu@F~ñHXu@F*Ú
S
DGKXKXFY
R
K
Ù
\Ú
S
Y.ced
®
V@[G[AãIV.u@F
S»RCSCT
WwDGL
T
F
S
ñHø
u@F*Ú
S
DAKMKXF
S

T
DAF	Y
R
K
T
F*Hvñ
S
FIHXu.DAFIWwD
S
DAWwDAFIH
RCS
uFIHMdY.[GLXF
S

R
H
T
F
S

®
FIHMu@[ADGcedCF
S
Û
R
K
T
DGFIKMFIWåüH
RSCT
FIH
T
F
S
dDAFIH
T
DAF¾ñDAu@F
S
KXcedY
À
L_F
ST
F*KüDGLML_FIHMWZV
T
F*[A[AKY
R
K
Ù
«ÚKMLXDAcedCâ
RCS
\ŁL_dY]HML_DGuÍ0DAF
T
FIHXu.FIu@F*ÚJF
S
h
ó
F*D
SÀ
Y.ced\
R
ÚCDGKXcedCF*KüDGLML_FIH,|
ß
~
ß
ÇÛ
ó
ã©F*D
À
FIHMHXV@WZY.u
S
F*L_DGKXcedCF½+cedCDGcedŁL_F
Sõô
Y
®
DGFIHEñÚJF
S
F
S
u@F©L_HMF
SCS
L
TR
HXcedýF*D
S
FQJ0DAKMcedCF
S
KMcedCDAcedŁL
ô
Y
T
HMFIDñÚJF
S
F
S
Û
ó
T
DGF¾+âCD
S
K
T
FIK/D
S
dV@[AF*K	F*H
T
F
S
Y.[AK
À
FIHXHMV@WZY.u
S
F©L_DAKMcedju.FI\.V.âCâJF*[GLXF½+>âCD
S
K
Ú^F*LXH_Y.cedŁLXF*LxÛ
ó
ìEa
R
H
T
DGF
R
KLeY
R
KMcedC\.V.âCâC[
RS
uëu@DA[L©ö÷V ¼¹
q
¶
ý
öiF*HXWwDGLML_FI[LY
R
K
T
FIHðø
R
HMDAFGø%|F*WZâ^FIHXY]L
R
H
[Bù
Ù
¼ÔÚ
À
a
R
H0ñDAKXF
S
Ú^FID
°
ú
S
aY.cedCKL_F
S
UY]ced>ÚCY.H
SjRCSCT
+âCD
S
+´
ß
h
[Bù¸
°
ö÷
Q
|
Q
Ä
ß

¼²
Ç
|Û»Ł«
ó
[GD
S
FIY.HXFY
À
ø¨V@âCâC[
RCS
uCh3ö
È
÷,
Ü
½¹½
ß
ö÷@Û
ó
Y
À
ø¨V@âCâC[
RCS
u
SR
HY
ST
F
S
EY
SCT
`baY.cedF
S

T
DGFWZDL
T
FIHRQJ0DGKXcedCF
S
KXcedCDGcedŁLY
S
u.HXF
S
ãIF
S
Û
ó
T
Y]K
R
KLeY
R
KXced
À
F*[
T
DAKL
TCR
HMcedXY	ù)¼½³¾- ûFü
ý	þß
Z
ß
¬««[
À
a
R
H
T
F
S¦À
FIHMHXV@WZY.u
S
F©L_DGKXcedCF
S
ìgY.[A[
RCST
XYFù
È
÷Ø
û
Í
ü
ý	þ
ß
Z
ß
¹k¬««[
À
a
R
H
T
F
S
Y
S
L_D
À
FIHXHMV@WZY.u
S
F©L_DAKMcedCF
S
u@F*u@FIÚ^F
S
Û
ó
DGWOìgY.[A[GF
®
V
S
/D
S
dCV@[GFIK
À
FIHMHXV@WZY.u
S
F*L_DGKXcedCF¾¨V@âCâ[
RCS
u¸|

ÚCÚ4Û3>Û6«Û
ß
ÇÛ
ó
â^FIHMDAV
T
DAKMcedCFEY
SCT
Ú^F
T
D
S
u
RCS
u.F
S
D
ST
FIHm÷QÉøñÚJF
S
F.Û
                
                
                
                
               
               
               
               




  
  
  
  
Zwischenschicht
Pinhole
ferromagnetische Schicht
 (af−Kopplung)
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